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Abstract 
There is an increasing demand for carbon fibre (CF) and CF composites in 
applications including, but not limited to, military, aerospace, engineering,  
automotive and sporting equipment.  To fully utilise the favourable properties 
that CF can introduce into a product, and thus generate superior CF composites, 
a thorough understanding of the carbon fibre-resin interface is required.  The CF 
surface plays a crucial role in the overall performace of a carbon fibre composites, 
and a detailed understanding of how this surface changes during CF manufacture 
would provide critical information.  
This thesis investigates the surface functionality introduced by both laboratory 
and commercial oxidative treatments as well as the presence and distribution of 
size on the CF surface, both key contributors to CF composite properties.  To this 
end, the advanced spectroscopic methods of Raman spectral mapping and Surface 
Enhanced Raman Spectroscopy (SERS) have been developed to investigate the CF 
surface.  The complimentary techniques of Atomic Force Microscopy, Scanning 
Electron Microscopy, X-ray Photoelectron Spectroscopy (XPS), Fourier Transform 
Infrared spectroscopy and conventional Raman spectroscopy have also been 
used.   
Several approaches were investigated for the generation of SERS activity on the 
CF surface including Ag colloids, electroless plating and sputter coating.  Whilst 
the sputter coated Ag was found to be most viable, the SERS spectra obtained 
from sized CFs were not representative of the expected spectrum of size but 
consistent with the decomposition of the size.  This decomposition is thought to 
be initiated by the presence of the silver and aided by either laser photons or 
thermal oxidation. 
For the first time, the ability to combine spectral mapping and SERS to 
successfully characterise the near surface of electrochemically oxidised CFs was 
demonstrated. By comparing the SERS and conventional Raman results it was 
found that differences could be detected between the outer most surface of the 
CF (2-30 nm) and  the surface as defined at 50 nm.  These subtle differences are 
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likely to be crucial to the way CF interacts with the resin and the ultimate 
performance of the composite. Raman spectral mapping has also demonstrated 
its capability to provide information about the chemical nature of the CF surface 
at a spatial resolution not obtainable by techniques such as XPS. 
The coupling of the novel advanced Raman techniques developed in this thesis 
with complementary data collected from the same surface is likely to drive 
significant improvements in our understanding of the critical role the CF surface 
plays in CF composites.  With this improved understanding the optimisation of the 
CF surface will be realised, ultimately resulting in superior CF composites. 
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CHAPTER 1 
Introduction 
This chapter presents an introduction to carbon fibre (CF), its production and 
the resulting structures. A review of the literature concerning surface sensitive 
techniques as applied to CFs, many of which are utilised in this thesis and with 
special focus on Raman spectroscopy, follows. Shortfallings in the current 
knowledge are identified and how surface sensitive technique development can 
possibly lead to answers to some of the critical questions of workers in the CF 
industry. The specific research aims of this thesis are then presented.  
 
1.1 General carbon fibre background 
Carbon fibres and carbon fibre composites are increasingly being used in a 
broad range of applications, including aerospace, military, engineering and 
sporting equipment due to their lightweight, high strength, high modulus, high 
heat tolerance and chemical resistant properties [1-4]. More recently, in an effort 
to reduce weight and thus improve fuel efficiency, carbon fibres have found 
application in structural components in the commercial aviation and automotive 
industries [1-3]. There is also keen interest from the general industrial sector 
where these materials have been used to reinforce ageing infrastructure such as 
bridges [5, 6]. 
With the increasing demand for CF comes the need to better understand the 
correlations between manufacturing parameters and final characteristics of the 
CF.  Many industrial treatments are highly guarded secrets and commercial in 
confidence, thus making these important correlations difficult to achieve.   CFs 
typically undergo oxidative surface treatment and have a thin layer of size applied 
to improve fibre adhesion in CF composites.   The interactions between the matrix 
polymer and the carbon surface contribute significantly to the final properties of 
composites [2, 7-9].  Delamination, fracture propagation and poor interfacial 
shear strength are all major challenges that need to be overcome in the 
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development of superior CF composites [2, 10, 11].  A better understanding of the 
properties of the CF surface that contribute to these short comings would have a 
major impact on the application of CF composites worldwide.  
Many techniques, including X-ray Photoelectron Spectroscopy (XPS) [12-21], 
Scanning Electron Microscopy (SEM) [22-24], Transmission Electron Microscopy 
(TEM) [25-27] and Atomic Force Microscopy (AFM) [28-31] have been used to gain 
an understanding of the CF structure and surface.  All of these techniques, as 
utilised, provide valuable information, however, none on their own offer the 
combination of both chemical information and the high spatial resolution required 
to investigate the surface heterogeneity at a single fibre level.  Thus even today 
there is a poor understanding of the very important surface features of the CF.   
Experts in the CF industry have recognised this shortfalling and have a keen 
interest in obtaining chemical information at a high spatial resolution. 
Recent developments in Raman spectroscopy, including confocal and area 
mapping capabilities, have provided the potential to obtain highly spatially 
resolved chemical and structural information about the carbon fibre surface and, 
possibly more importantly, information regarding the interphase region of the 
carbon fibre-matrix system. Conventional microprobe (or spot probe) Raman 
spectroscopy has been used to study pure carbon based materials including 
diamonds, graphite, carbon nanotubes, and carbon fibres [32-49].  In the study of 
carbon fibres it is often used in conjunction with other techniques such as XPS, 
AFM, SEM and TEM [24, 50-52].  The use of confocal Raman spectroscopy would 
not only enable the characterisation of the structural properties of the carbon 
fibre, but it can also be used to monitor changes to the fibre surface after oxidative 
surface treatment.   
Raman mapping has been used to compare the heterogeneity of PAN based CF 
to that of pitch based CF [53].  A detailed investigation of the heterogeneity as a 
function of surface treatment on a given carbon fibre type has not however been 
reported in the literature.  The identification and distribution of functional groups 
along a CF surface would provide insight into the evenness of treatment at a 
spatial resolution not seen before. This detailed information is crucial to 
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understanding the role that the CF surface plays in the current short comings of 
CF composites.    
Surface Enhanced Raman Spectroscopy (SERS) has been utilised to analyse the 
outer most surface of graphite and carbon fibres [54-56].  To date no one has 
systematically reported on the use of SERS to detect and monitor the presence 
and distribution of size along a CF or to study the effects of commercial 
electrochemical surface treatments carried out during CF manufacturing.  By 
combining the use of SERS with Raman mapping a superior understanding of 
surface treatment and chemistry of both oxidised, and oxidised and sized CFs will 
be gained. 
 
1.2 Manufacture and structure of carbon fibres 
Carbon fibres are manufactured starting with a precursor fibre, which can be 
polyacrylonitrile (PAN), pitch based or cellulosic (rayon).  The majority of CFs are 
made from PAN based precursors, as this leads to moderately high yields and 
stronger carbon fibres. The carbon yield for PAN based CFs is in excess of 50% of 
the original precursor mass compared to 25-30% for cellulosic [2, 57]. Pitch based 
CFs have a higher yield (85%) and high resultant modulus, but due to their more 
graphitic nature, they have poorer compression and transverse properties as 
compared to PAN based carbon fibres [2]. 
The process used for turning precursor PAN fibre, or white fibre, into CF is quite 
complex and depicted schematically in Figure 1.1.  The PAN precursor fibre is a 
combination of acrylonitrile (no less than 85 % but usually at least 95 %) and 
carefully selected comonomers, such as methyl acrylate and itaconic acid [2]. 
Whilst the inclusion of comonomers in the manufacture of white fibre can 
improve solubility and spinnability, it can also affect the carbon fibre production 
conditions, such as reduced temperature for cyclisation initiation [58] and 
improved mobility of polymer chains during stabilisation [2], resulting in more 
favourable CF properties [59]. 
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Figure 1.1: Schematic representation of the conversion of PAN to CF. 
 
In brief, CF production involves three main stages: oxidative stabilisation, 
carbonisation and graphitisation.  During these three steps the tensioned fibre 
goes through a number of heating processes under different conditions.  By 
varying the extent of the final thermal processing stage, carbon fibres can be 
produced that are classified as either high tensile strength (HT) with typical 
Young’s modulus (E) of 250 GPa and tensile strength (σ) of 3.5 GPa (this includes 
standard modulus fibres such as T300), intermediate modulus (IM) with typical E 
of 290 GPa and σ of 6.1 GPa, which have not undergone ultra-high temperature 
graphitisation, or high modulus (HM) CFs (~350 GPa), which are produced by 
thermal treatment to temperatures up to 3000°C. The structure of any given 
carbon fibre type relies heavily on the precursor fibre as well as the conditions 
used during the various stages of production, including temperature and tension.   
Figure 1.2 shows a representation of the complicated structure of a CF as well 
as the graphitic basal plane structure that provides strength to the CF.  CF has 
been described as consisting of “ribbon-like crystallites, built up of turbostratic 
honeycomb graphene planes” [60]. 
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Figure 1.2: A representation of the structure of (left) a carbon fibre (Reprinted from Barnet, 
F.R. and M.K. Norr, A three-dimensional structural model for a high modulus pan-based 
carbon fibre, Composites, 1976, 7(2), 93-99. Copyright 1976, with permission from 
Elsevier), (right) the graphitic basal plane structure (Reprinted from Hoffman, W.P., 
Hurley,W.C., Liu,P.M., Owens,T.W., The surface topography of non-shear treated pitch 
and PAN carbon fibers as viewed by the STM, Journal of Materials Research, 1991, 6(08), 
1685-1694. Copyright 1991, with permission from Cambridge University Press) and 
(bottom) the ribbon structure model for CFs (Reprinted from Diefendorf, R.J. and E. 
Tokarsky, High-performance carbon fibers, Polymer Engineering & Science, 1975, 15(3), 
150-159. Copyright 1975, with permission from John Wiley and Sons). 
 
After thermal processing the fibres undergo surface oxidation and sizing 
treatments prior to being wound onto spools. The surface oxidation enables 
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bonding between the fibre and sizing and/or matrix in composites by introducing 
functional groups onto the surface, typically carbonyl (-C=O), hydroxyl (-COH) and 
carboxyl (-COOH) groups [61], as well as etching and modifying the surface 
topography of the carbon fibre [7, 62-64] (refer to Figure 1.3).  Although various 
oxidative treatments can be used, they are generally grouped into three main 
categories: liquid phase, dry gaseous and plasma.  The extent of any oxidative 
treatment must be carefully controlled until it gives the desired increase in 
interfacial bond strength without compromising the overall fibre strength. 
Currently the most commonly employed commercial method is “electrochemical 
oxidation”, a liquid phase process which involves continuous oxidation in either 
alkaline or acid conditions [2]. Different electrolytes can be used to produce 
functional groups in varying proportions and concentrations. Whilst not 
comprehensively used in industry, plasma oxidation offers a novel approach to 
improving fibre matrix bonding.  CFs treated with a one minute dose of 
acetylene/oxygen (2:1) gas plasma produced a 90% improvement in the interfacial 
sheer strength with minimal reduction in tensile strength [65]. 
The application of size has multiple benefits including, providing fibre 
protection during winding or weaving processes where it acts as a lubricant, as 
well as improving the interfacial bonding between the CF and the matrix [2, 66-
68]. The sizing can improve the wettability of the carbon fibre and when selected 
properly, its adhesion with the matrix resin. Current industry practice uses water 
based sizes.  The size is often an epoxy resin designed to interact with the matrix 
polymer to introduce a zone between the fibre and the resin matrix, a so called 
“interphase” region (refer to Figure 1.3). By bonding well to the fibre surface and 
interacting with the matrix polymer the interphase region is thought to improve 
the interfacial bond strength and interfacial fracture properties of the carbon fibre 
matrix system [68, 69].  
The complexity of the interactions between the CF surface, size and matrix can 
be simplified if depicted as a series of layers.  Figure 1.3 gives a schematic 
interpretation of these interactions between the CF and the matrix polymer. The 
CF and its core sheath structure are represented as layers A and B.  The reactive 
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sites on the surface of the fibre that are produced by surface oxidative treatments 
are depicted as layer C.  The sizing is represented by layer D.   Layers E and F are 
the matrix resin, where E represents a zone that is different from the bulk matrix 
polymer due to interactions with the size.  The interphase region incorporates 
layers C, D and E to provide good adhesion between the CF and the matrix [68].  
The amount of size applied to CF is low, usually resulting in a layer approximately 
0.03-0.1 µm thick on the average 7 µm diameter carbon fibre [68]. 
 
 
Figure 1.3: Schematic representation of a carbon fibre (A & B), the interphase(C, D & E) 
and the matrix (E & F) (adapted from[68]). 
 
 The interphase is not a clearly defined zone and the actual chemical reactions 
and interactions taking place are difficult or impossible to investigate in situ.  For 
this reason most researchers resort to the use of model compounds to mimic the 
reactions occurring in carbon fibre-composite samples [17, 69-71].   
There is very little research demonstrating the distribution of surface functional 
groups arising from surface oxidation and the presence of sizing on CFs. It has 
been established that the interface between the CF surface and the matrix resin 
is possibly the most important in terms of performance of a composite material. 
An epoxy resin does not readily bond to a CF that has not been surface treated 
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[72] and the presence of a compatible size on a CF surface when incorporated on 
the CF has shown to improve interfacial bonding [73].  Thus, there is a need to 
thoroughly explore and characterise the CF surface in order to fully understand 
the role that both surface treatment and size play in the performance of CF 
composites. In the next section of this thesis the major techniques that have been 
utilised to gain insight into both the physical and chemical state of the CF surface 
are explored. 
 
1.3 Characterisation of carbon fibre 
There are many techniques available to assess the surface of the CF prior to 
being incorporated into a composite.  XPS has been extensively utilised to 
characterise the surface of CF, generally before and after oxidative surface 
treatments and after reactions with model compounds [14-18, 70, 74-78].  Other 
techniques frequently used include Inverse Gas Chromatography / Surface Energy 
Analysis ([53, 79, 80], various types of microscopy, such as SEM, AFM, and 
scanning tunnelling microscopy [28, 81-83] and Fourier Transform Infrared (FT-IR) 
spectroscopy [61, 84-87].  None of these latter techniques provide spatially 
resolved chemical information from the fibre surface.  Raman spectroscopy has 
the potential to obtain chemical information from small sample volumes but up 
until recently its use in this manner has been limited due to long data collection 
times and high energy laser exposure, which can lead to sample decomposition.  
Recently developed instrumentation capable of Raman mapping incorporates 
high precision automated positioning of the sample and specialized optics for 
reducing sampling time.  Several of these techniques have been utilised in this 
research, and their specific application to CF surface characterisation is discussed 
in the following sections.  A more detailed discussion on the theory of the 
techniques, and how they were utilised to characterise the CF surface in this 
research is presented in Chapter 2. 
1.3.1 SEM of carbon fibre 
SEM is a well-established imaging technique that provides high magnification, 
high resolution images of CF surfaces and cross-sections [23, 88-94].  A typical SEM 
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image of the surface of an untreated CF reveals a cylindrical fibre with striations 
or grooves running parallel to the fibre axis as shown in Figure 1.4.  
 
 
Figure 1.4: SEM image of unoxidised and unsized PAN based CF. 
 
The grooves are generated during the manufacturing process [22], and are 
likely a feature introduced during the spinning of the precursor fibre [91, 95]. 
Some researchers have shown the reduction or disappearance of these grooves 
after oxidative surface treatment [93] whereas others report an increase in their 
depth [24, 62], or no obvious change at all [71].  SEM imaging has been proven to 
be a highly effective technique for monitoring effects of various surface 
treatments on the morphology and to some extent topography of CF surfaces. 
SEM of CFs enables the visualisation of surface contaminants, and surface features 
such as striations, etching and pitting down to the micron level, however it does 
not provide chemical information about the sample.  The use of an Energy 
dispersive x-ray (EDX) detector enables the identification of elements present; 
however no information regarding the chemical state in which they are present 
can be obtained.  
 
1.3.2 XPS of carbon fibre 
XPS is a well-established technique for the characterisation of carbon fibre 
surfaces [13-18, 70, 74, 75, 96, 97].  It is one of the widely used techniques in the 
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analysis of CF surfaces as it provides valuable information, both quantitative and 
qualitative, about the specific chemical species present on the CF surface.  Many 
researchers have used this technique to characterise the surface of CF before and 
after various surface treatments [12, 13, 18, 23, 61, 75-78, 85, 98].  Figure 1.5 
shows the typically C1s peaks obtained for CF after oxidative treatments.  The 
presence of nitrogen is not always observed on the CF surface, but it is thought to 
be residual from the PAN fibre and more likely to be seen on HT or IM carbon 
fibres that have not undergone high temperature graphitisation.  It appears to be 
more evident on surface treated fibres with no size [66, 99].   Oxidation of CF leads 
to an increase in the presence of surface oxides. Ishitani found that the extent of 
oxidation could be represented by the ratio of the intensities of O1s /C1s, and 
based on the chemical shift observed  for O1s and C1s  that the main species 
present on the oxidised CF surface is alcoholic hydroxyl groups [13].  
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Figure 1.5: Curve fitting of the C1S band for a) strongly oxidised carbon fibre using a 
graphitic model, b) strongly oxidised carbon fibre using an aliphatic model, c) weakly 
oxidised carbon fibre using a graphitic model; and d) weakly oxidised carbon fibre using 
an aliphatic mode (Reprinted from Nakayama, Y., F. Soeda, and A. Ishitani, XPS study of 
the carbon fiber matrix interface, Carbon, 1990, 28(1), 21-26. Copyright 1990, with 
permission from Elsevier). 
 
Other researchers have found the main functional groups present on surface 
treated CFs are hydroxyl, carbonyl, carboxyl and quinine type groups, however 
this varies considerably depending on the treatment used [61, 70, 100].  Zielke 
and co-workers carried out an extensive study of the surface of oxidised carbon 
fibres using various techniques including XPS [23].  HT, IM and HM fibres were all 
investigated. They concluded that the adsorbed oxidation products contaminating 
the surface of the CF as received from manufacturers could be producing 
misleading results.  They suggested that the removal of these products in boiling 
water followed by careful drying procedures to ensure any adsorbed water was 
removed without changing the surface chemistry was required in order to reveal 
the real surface chemistry.  
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 Fibres that were sized and de-sized have also been investigated [21, 66, 97, 
101, 102].  Kim et al. suggested that the fibre surface is almost completely covered 
by size due to the lack of  impurities, including nitrogen, detected on  commercially 
sized fibres [97].  However, Reis et al. proposed that the size does not cover the 
fibre completely, but is more like an island structure [21].  This was based on XPS 
data that showed the presence of nitrogen on sized fibres.  The size contained no 
nitrogen, and the thickness of the size was calculated to be greater than the depth 
of penetration for the XPS study [21].  Methylethylketone washing did not 
completely remove the size, but did reduce the average thickness of the size.  
Based on these findings it was concluded that the size was covalently bonded to 
the CF.  It is thought that this occurs mostly through the hydroxyl group rather 
than the carboxylic groups on the CF surface.  Research by  Dilsiz and co-workers 
found that XPS could be used to compare size thicknesses from different CF 
samples [101]. 
Whilst it is impossible to use XPS to directly probe the interactions and 
reactions taking place at the interphase region in situ, the use of model 
compounds has been used to mimic the environment of the interphase region.  
Weitzsacker et al. used model compounds to investigate the potential reactions 
between CF surface  functional groups and different matrix systems [70].  The 
sample area analysed was 1.5 x 5 mm, so effectively the results represent an 
average from a bundle of fibres.  The typical spot size for XPS is in the hundreds of 
microns, usually 150-1000 µm.  The ability to obtain highly spatially resolved 
information by this technique is limited by the spot size. 
Analysis of XPS data for CF is complicated.  The choice of the carbon structure 
used for the reference in curve fitting (graphitic or aliphatic) needs to be selected 
with consideration of the possibly influences on the fibre from manufacturing 
conditions and surface modifications. For more details regarding XPS analysis refer 
to Chapter 2, Section 2.1.2. Nakayama et al. postulated a change in the CF surface 
structure from graphite–like to an aliphatic structure after aggressive surface 
treatment based on XPS analysis [17]. They illustrated the potential differences in 
interpretation of XPS results based on the choice of either a graphitic carbon 
 
 
13 
 
model or an aliphatic carbon model as well as the number a peaks utilised in fitting 
the data (refer to Figure 1.5). Some researchers only use two peaks plus the 
reference [13] while others have used up to six plus the reference [66].   
Several researchers have commented on the heterogeneity of the CF surface 
both before and after surface treatment as well as after sizing [17, 21, 97].  
Nakayama attributes possible uneven coverage of an epoxide layer to the uneven 
distribution of functional groups across the CF surface [17]. As discussed above, 
the XPS data is acquired from bundles of fibres due to size of the analysis spot and 
thus the data is more of an average.  Whilst XPS has proven to be an extremely 
valuable technique for the analysis of the CF surface, giving both qualitative and 
quantitative chemical information from the near fibre surface (refer to Chapter 2, 
Section 2.1.2), it is not without its shortfallings.  The understanding of the 
heterogeneity of the oxidised carbon fibre surface would be greatly improved if 
the fibre could be interrogated at a more sensitive level, such as at a single fibre 
level.   
 
1.3.3 AFM of carbon fibre 
Atomic Force Microscopy (AFM) has been used to characterise the topography 
of CF surfaces [22, 24, 28, 93, 103-107].  Images at atomic resolution are 
achievable and surface roughness differences at an angstrom scale resolution 
have been reported for ideal samples [108]. The sub-micron resolution offered by 
this technique enables the surface roughness of single CFs to be calculated and 
monitored as a function of surface treatment. Roughness of the CF surface plays 
an important role in the adhesion between fibres and matrix material in carbon 
fibre composites.  Typical AFM images of IM CF show the grooves in the fibre 
surface and an indication of their depth (refer to Figure 1.6). 
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Figure 1.6: AFM imaging of the surface of IM CFs (Reprinted from Vautard, F., Fioux, P., 
Vidal, L., Dentzer, J., Schultz, J., Nardin, M., Defoort, B., Influence of an oxidation of the 
carbon fiber surface by boiling nitric acid on the adhesion strength in carbon fiber-acrylate 
composites cured by electron beam, Surface and Interface Analysis, 2013, 45(3), 722-741. 
Copyright 2013, with permission from John Wiley and Sons). 
 
AFM analysis by Hoffman compared the surfaces of CFs generated from various 
precursors and the effect of different treatments [107]. AFM has been utilised to 
monitor the effect of various surface treatments.  Many have reported an 
increased roughness in the surface topography after surface treatments using 
acids [24, 93], plasma [22] and liquid ammonia [104].  Smiley and Delgass [22] 
found that short exposure to plasma initially resulted in an increase in surface 
roughness, however after longer treatment times the overall surface was 
smoother than the untreated CF. Comparison of results in the literature, and 
drawing conclusions regarding changes in the surface roughness need to be 
approached with consideration for the starting CF used.  If sizing is present on the 
sample it may present with an initially smoother surface compared to an unsized 
CF, and subsequent surface treatment may in fact remove the size resulting in an 
increased surface roughness as opposed to actually increasing the surface 
roughness of the CF.  The measurement of surface roughness needs to take into 
account the inherit grooves in the CF surface.  Inclusion of these features in the 
analysis window may cause misinterpretation. Further discussion regarding this 
can be found in Chapter 2, Section 2.1.3.  A shortfalling of this technique is the 
inability to obtain chemical information about the CF. 
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1.3.4 FT-IR spectroscopy of carbon fibre 
Several researchers have used FT-IR spectroscopy to assess the chemical state 
of CFs, usually after oxidative treatments [61, 84-87, 90, 109, 110]. The use of FT-
IR spectroscopy for the characterisation of CFs is challenging, as little spectral 
information is obtained due to the very high adsorption of the infrared radiation 
by the CF.  Some researchers have used transmission mode FT-IR spectroscopy 
[61, 90, 109, 110] which involves the grinding up of CF and mixing it with 
potassium bromide which is then pressed into pellets. While this approach dilutes 
the sample making it less absorbing, the spectral information is obtained from the 
bulk of the sample, and will not be as surface sensitive as other approaches.  
Others have used FT-IR spectrometers equipped with Attenuated Total 
Reflectance (ATR) accessories to obtain spectral data from the surface of CFs [84-
87].  More detail regarding this technique can be found in Chapter 2, Section 2.1.4, 
but in brief it involves the sample being held in contact with an Internal 
Reflectance Element (IRE) within which the IR beam internally reflects, generating 
an evanescent wave that penetrates into the sample.  Several studies using ATR 
spectroscopy to analyse the surface of oxidised CFs have found that using a 
Germanium (Ge) IRE gave the most surface information from the CFs.  The use of 
Ge, with a refractive index of 4 allows the surface analysis of the CF, with an 
estimated depth of penetration on the order of 0.44 μm [84].  The angle of 
incident and polarisation of the IR source can also be optimised to achieve slight 
improvements in the spectra obtained [84, 85, 87]. 
The inherent problem associated with the high infrared (IR) adsorption by the 
CF typically results in spectra similar to that shown in Figure 1.7.  It shows the 
typical increase in absorbance at the lower wavenumbers.  This is attributable to 
the depth of penetration of the IR signal into the carbon being inversely 
proportional to the wavenumber [87].  The absorption of IR radiation is also 
hindered by the nonpolar nature of the carbon-carbon bonds in the CF. 
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Figure 1.7: FT-IR spectra obtained from bundles of aligned unoxidised CF (red) and oxidised 
CF (black) collected using ATR with Ge IRE. 
 
Sellitti et al. used spectral subtraction to amplify the spectral features due to 
surface oxidation of CF cloth [87].  The original spectra did not clearly show the 
features attributable to oxidation even though the treatment times where up to 
25 hours long.  Subtraction of the spectra obtained from unoxidised CF cloth from 
that obtained from the oxidised cloth resulted in spectra that clearly showed 
bands assigned to oxidation products such as carboxylic acids, quinine structure, 
and C-O functionality [87]. 
A number of papers published show FT-IR spectra obtained from oxidised CFs 
that are not consistent with that expected from CFs [86, 90, 111].  The spectra 
published exhibit a flat baseline with extremely well defined peaks attributed to 
C=C and/or oxidation species present [86, 90, 111]. More clarity is needed in these 
papers to explain the methodology used to obtain the spectra published. If the 
spectra shown are not the result of spectral subtractions and no baseline 
corrections have been applied then they should be similar to the ATR spectrum 
shown in Figure 1.7.  The publication of spectra such as these, without detailed 
methodology, make the use of FT-IR spectroscopy for the analysis of oxidised CF 
look relatively straight forward and the peaks easily detected, however in practice 
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this is rarely the case. Extensive data processing without proper care can lead to 
the generation of artefacts and incorrect interpretation of results. 
 
1.4 Raman spectroscopy of carbon fibre 
1.4.1 Pure carbon materials 
Raman spectroscopy has a long history of use in the study of pure carbon based 
materials. It has recently provided a wealth of knowledge on the chemical and 
electronic structures of materials including diamond, graphite, carbon nanotubes 
and graphene [32-49]. Being a technique based on electron cloud polarisability, it 
is very sensitive to changes in the backbone structure of molecules which tend to 
be nonpolar in nature. Raman spectra of graphene, multi-walled carbon nanotube 
and IM carbon fibre obtained using 514 nm excitation (157 kW/cm2) are shown in 
Figure 1.8. 
 
Figure 1.8: Raman spectra obtained from graphene (blue), multi-walled carbon nanotubes 
(red) and IM carbon fibre (black). 
 
The Raman spectra of pure carbon based materials are dominated by the so 
called disordered induced (D) and graphitic (G) bands that are due to the 
stretching vibrations of the C-C bonds making up the pure carbon based material 
[40].  These bands are associated with the presence of sp3 (tetrahedral) and sp2 
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(trigonal-planar) hybridised carbon atoms.  The D band is a breathing mode of A1g 
symmetry.  In perfect graphite this mode is forbidden but becomes active in the 
presence of disorder [112].  The G band arises from the in-plane bond stretching 
motion of pairs of sp2 hybridised carbon atoms and has E2g symmetry [112].  There 
are numerous structural characteristics that can influence the relative intensity of 
the D and G bands.  These include the size of graphitic sp2 clusters, bond disorder, 
the presence of sp2 chains and rings and the sp2/sp3 ratio [112].  The D’ band, that 
often appears as a shoulder on the high energy side of the G band, is also part of 
the first order spectrum, and is attributed to disordered graphitic structure.  The 
second order vibration know as the 2D (also referred to as G’ in earlier work) band 
is sensitive to different structural properties associated with the disorder of pure 
carbon based materials [43, 45]. 
The intensity ratio of the D and G bands has been used as a measure of the 
defects present in carbon based materials. For example the ratio has been 
correlated to average distance between defects in single graphene sheets [113].  
Tuinstra and Koenig developed a model relating graphite crystallite size, La, to the 
D/G intensity ratio [114].  If the structure of a carbon based material lies in the 
graphite to nanocrystalline graphene section of the amorphisation trajectory 
proposed by Ferrari and Robertson [112], then using this model the graphite 
cluster size or in-plane correlation length can be calculated. Whilst the intensity 
ratio of the D and G bands (ID/IG) is commonly used as a measure of the number 
of defects and/or correlated to the crystallite size, other researchers prefer the 
use of ID/(ID + IG)  or  ID/I T where T is the total intensity of first order spectrum [38]. 
Spectral deconvolution is often required in order to discriminate between the G 
and D’ bands given the overlapping nature of these features.  
The presence of a feature attributed to amorphous carbon in the Raman 
spectrum of CF (A in Figure 1.8) also needs to be taken into consideration, as CFs 
are not fully graphitised carbon materials.  The band attributed to amorphous 
carbon appears as a broad feature at approximately 1550 cm-1 and it can influence 
the width and intensity of the overall G band. 
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Raman spectroscopic studies on CFs can be divided into two main areas; 1) 
investigations of the fibre itself, including bulk changes in the fibre chemistry and 
structure during production and 2) the fibre surface which embraces the effect of 
surface treatments and the interactions between carbon fibres and sizing and 
polymer matrices.  This second area can be further divided into conventional and 
surface enhanced Raman studies. A review of the literature in these areas is 
presented in the following sections. 
 
1.4.2 Carbon fibre structure 
As mentioned previously the G band observed in the Raman spectrum of CF is 
attributable to the sp2 carbon atoms that are associated with the graphitic nature 
of the fibre.  The D band arises from the vibrations of the sp3 carbon atoms.  These 
would not be typically found in a pure graphite crystal, but are present within the 
turbostratic structure of the CF (refer to Figure 1.2). 
In their early Raman microprobe work on CF, Ishitani et al. investigated the 
structural variation across the fibre cross-section [55]. Their plots of the D/G ratio 
and G band shifts as a function of position along the cross-section are shown as 
Figure 1.9. 
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Figure 1.9: Plots of the D/G intensity ratio (top) and G band shifts (bottom) as a function 
of position along the cross-section (Reprinted from Ishitani, A., Ishida, H., Katagiri, G., 
Tomita, S., New techniques for the characterization of surface and interfaces of carbon 
fibres. Composite Interfaces: Proceedings of the First International Conference on 
Composite Interfaces (ICCI-I). 1986. Cleveland, Ohio, U.S.A.: North-Holland. Copyright 
1986, with permission from Elsevier). 
 
Using pyrolitic graphite they also were able to detect differences in the 
structures of edge and basal planes (Figure 1.10) [55]. The differences in the 
intensity ratio of the D and G bands and the more clearly defined feature at 1620 
cm-1 are a result of the incomplete structure of the graphite planes that naturally 
occur at the edge [42]. 
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Figure 1.10: Comparison of Raman spectra obtained from edge and basal planes of 
pyrolitic graphite (Reprinted from Ishitani, A., Ishida, H., Katagiri, G., Tomita, S., New 
techniques for the characterization of surface and interfaces of carbon fibres. Composite 
Interfaces: Proceedings of the First International Conference on Composite Interfaces 
(ICCI-I). 1986. Cleveland, Ohio, U.S.A.: North-Holland. Copyright 1986, with permission 
from Elsevier). 
 
Several research groups have assessed the effect of laser heating and/or laser 
power on the spectra obtained from carbon fibres.  Everall and co-workers 
investigated the effect of laser heating on the Raman spectrum of a single HM CF 
[115], while Melantis et al. investigated the effect of laser power on HM, IM and 
low modulus carbon fibres [44].  In both studies it was found that the frequencies 
of both the D and G bands were sensitive to laser power, shifting linearly to lower 
frequency with increasing power.  The shift was found to be reversible upon 
changing back to a lower laser power [115].  Melantis et al. also observed no 
significant change in bandwidth of the D and G bands in the laser range 0.5-8 mW, 
which was consistent with Fischbach and Couzi’s [116] findings that reported an 
increase in the bandwidth of the D band only at laser powers greater than 30 mW. 
These findings have important implications when making sensitive measurements 
such as those on fibres under stress. Clearly the experimenter must ensure that 
the sample surface temperature remains constant for the full range of 
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measurements by carefully controlling the laser power. This will become 
complicated when the fibres are resin clad or embedded in composites as heat 
dissipation will be different.    
 
1.4.3 Carbon fibre surface 
Cuesta et al. [117] used Raman spectroscopy to compare the effects of various 
treatments on different CF surfaces.  HM and HT PAN based CFs were analysed 
with no oxidation or sizing, after commercial oxidation plus sizing, and after 
grinding. The spectra from the unoxidised, not sized fibres were also compared to 
those obtained from pitch based fibres, graphite and activated carbon (Figure 
1.11).  The Raman spectra obtained from the HM fibres were very similar to that 
of graphite. As mentioned previously (refer to Section 1.2), HM fibres undergo a 
graphitisation step in an inert argon atmosphere at very high temperatures.  This 
produces CFs that have a highly graphitic carbon structure and a high degree of 
crystalline order along the fibre axis, so the similarity between the spectrum from 
the HM fibre and that of graphite is not surprising. The spectrum obtained from 
the HT CF showed poor resolution of the D and G bands, and after curve fitting a 
third band, at 1500 cm-1, was evident.  This extra feature has been associated with 
the presence of amorphous carbon.  
  
 
 
23 
 
 
 
Figure 1.11: Comparison of Raman spectra of as-received High Modulus and High Strength 
carbon fibres (HM, HT), activated carbon (AC), pitch based fibre (S) and synthetic graphite 
(G) (reproduced from Cuesta, A., et al., Effect of various treatments on carbon fiber 
surfaces studied by Raman microprobe spectrometry, Appl. Spectrosc., 1998, 52(3), 356-
360. Copyright 1998, with permission from SAGE Publications). 
 
The spectra from oxidised and sized carbon fibres and the ground carbon fibres 
in the same work by Cuesta et al. [117] are shown in Figure 1.12. They all exhibited 
features consistent with increased disorder on the fibre surface.   It was also 
reported that surface oxidation resulted in a broadening of the D and G bands in 
spectra from HM fibres. 
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Figure 1.12: Raman spectra of high modulus (left) and high strength (right) carbon fibres 
after no treatment (F), manufacturer’s oxidation plus sizing (S) and grinding (G) 
(reproduced from Cuesta, A., Dhamelincourt, P., Laureyns, J., Martinez-Alonso, A., Tascon, 
J. M. D., Effect of various treatments on carbon fiber surfaces studied by Raman 
microprobe spectrometry, Appl. Spectrosc., 1998, 52(3), 356-360. Copyright 1998, with 
permission from SAGE Publications). 
 
Melantis and co-workers also found that oxidative surface treatment of HM CFs 
resulted in a decrease in the G band intensity and an increase in the D’ band of 
the Raman spectra [44].  However, the Raman spectra from intermediate and low 
modulus carbon fibres did not appear to be affected by surface treatment.  It is 
thought that surface treatment of HM CF leads to the removal of graphite layers 
that are weakly bound to the fibre surface.  This then reveals the core, which is 
less crystalline, as well as exposes more graphitic edge planes to the incident laser 
excitation. Figure 1.13 presents a simplified model depicting the changes at the 
CF surface leading to the increase in the disorder-induced features observed in 
the spectrum of surface treated HM CF. 
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Figure 1.13: A simplified model explaining the increase in disorder-induced features 
observed in the spectrum of surface treated high modulus carbon fibre (Reprinted by 
permission from Springer Nature Customer Service Centre GmbH: Springer Nature. Journal 
of Materials Science, Melanitis, N., P.L. Tetlow, and C. Galiotis, Characterization of PAN-
based carbon fibres with laser Raman spectroscopy, Copyright 1996). 
 
In the same work [44] the authors also highlighted differences in the spectra 
obtained from the surface and core of the high modulus CF. The core samples 
were obtained by embedding the fibres in resin and gently grinding and polishing 
to obtain a flat cross-section. This approach needs to be monitored carefully to 
ensure the grinding process does not damage the fibre structure and lead to 
misleading results [118]. Comparison of spectra obtained from the surface and the 
core of lower modulus CFs did not show any differences, suggesting a structural 
consistency throughout the fibres.  It should be noted that care must be taken 
when interpreting the differences observed in the spectra obtained from the 
surface and core in this manner due to the alignment of the incident laser with 
the sample.  The number of graphite plane edges and basal planes interacting with 
the laser will be different when analysing the cross-section as compared to the 
surface. 
Nitric acid has been used by several researchers to investigate the oxidation of 
the CF surface [9, 36, 93, 119, 120]. Whilst it is not a commercially used approach, 
it offers a researcher a controlled model that can easily be produced in a 
laboratory. Cao and co-workers found that surface oxidation of IM CF with nitric 
acid at 90oC for 12 hours led to a reduction in amorphous carbon [36].  The D and 
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G bands both appear to sharpen suggesting a more ordered or graphitic structure 
after oxidation.  An increase in the D/G ratio was also observed.  Scanning electron 
microscopy has been utilised to reveal that oxidation of CFs using nitric acid at 
room temperature for 90 minutes removed impurities from the surface as well as 
altered the surface topography of the fibre [62]. 
As mentioned above, plasma treatments are being utilised in the laboratory 
environment for novel approaches to surface treatments of CF [22, 24, 31, 46, 51, 
65, 100, 121, 122]. The effect of oxygen plasma treatment on pitch and PAN based 
carbon fibres was investigated by Montes-Moran and Young [51].  SEM 
observations were similar to CFs treated with nitric acid where a “cleaning” effect 
was evident by the removal of surface impurities.  No significant changes were 
observed in the fibre diameters after the plasma oxidation.  The only other effect 
of the treatment observed by SEM was the deepening of the striations along the 
fibre.   
Raman spectra obtained from the plasma treated HM fibres [51]  showed  an 
increase in the intensity of the D band, and an overall increase in the D/G intensity 
ratio which is in agreement with the results of several other researchers 
mentioned above who used non plasma approaches to surface oxidise CF [44, 
117].  Of particular note however was the observation by Montes-Moran and 
Young that there was no change in the width of the D and G bands of the Raman 
spectra from these HM fibres after oxidation [51].  This was in contrast to the 
findings of  Cuesta et al. who reported a widening of the D and G bands in spectra 
obtained from HM CFs after manufacturer’s oxidation and sizing [117]. The 
differences reported are likely attributable to the different oxidation techniques 
used by the different authors. 
While the effect of surface oxidation treatments to CF have been the topic of 
numerous studies, the detection of size on the CF surface using conventional 
Raman spectroscopy has been sparsely covered. It was reported in a review article 
by Hughes in 1991 that the presence of thin layers of epoxy resin could be 
detected on the surface of carbon fibres using Raman microprobe spectroscopy 
[68].  This result appears to be based on the ability to obtain a spectrum 
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characteristic of carbon fibre from an uncoated carbon fibre, but when a very thin 
layer of resin was applied to the carbon fibre the researcher was only able to 
obtain a broad, featureless spectrum commonly associated with the fluorescence 
of a sample.  Whilst the change in the spectral results obtained may suggest the 
presence of epoxy resin, no spectrum of the actual resin on the fibre surface was 
reported. 
 
1.4.4 SERS of carbon fibre 
The study of surfaces by Raman spectroscopy generally requires the more 
advanced methodology of SERS. The adsorption of small metal particles by 
molecules at the sample’s surface can result in an increase in Raman scattering by 
four or more orders of magnitude due to electromagnetic and/or chemical effects.   
An early example of the application of SERS to CFs was an aspect of the 
previously discussed work of Ishitani et al. [55]. Whilst there has been significant 
interest in the application of SERS to other areas of research [123], very few have 
applied it to CF surface characterisation.   SERS has been applied to study the 
surface of graphite fibres [54, 56] as well as surface modified carbon filaments and 
fibres [71, 124-126]. Ishida and co-workers found by depositing a 50-100 Å (5-10 
nm) silver (Ag) island film, by vacuum evaporation, on the surface of a graphite 
fibre the Raman scattering from the outer most surface was remarkably enhanced 
(Figure 1.14) [54, 55]. The peak marked with the arrow is attributed to a polyene 
structure, -C=C-C=C-, on the surface of carbon fibres. This can be associated with 
a more disordered graphite structure and fragmented carbon chains on the outer 
most surface of the fibre.   
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Figure 1.14: Raman spectra of graphite fibres covered by Ag island films; (a) control; (b) 
50 Å; (c) 106 Å (reproduced from Ishida, H., Fukuda, H., Katagiri, G., Ishitani, A., 
Application of Surface-Enhanced Raman scattering to the surface characterization of 
carbon materials, Applied Spectroscopy, 1986, 40(3), 322-330. Copyright 1986, with 
permission from SAGE Publications). 
 
Using electron beam evaporation to deposit Ag films on carbon surfaces for 
SERS, Tadayyoni and Dando [56] reported detecting more disordered carbon at 
surfaces of graphitic carbon and graphite fibre as compared to the conventional 
Raman results. This is in agreement with the results presented in Figure 1.9 from 
the analysis of cross-section carried out by Ishitanti et al. [55].  They also 
investigated the effect of Ag deposition rates onto carbon surfaces, postulating 
that high deposition rates (>2.0 Å/s) may induce disorder in the surface carbon 
atom structure, resulting in artificial and misleading results. 
Xu and Lu used SERS to study the surface of T300B CFs that they treated with 
nitric acid and maleic anhydride to alter the inert nature of the fibre surface [126]. 
The functionalised surface was then reacted with bismaleimide, a model 
compound for a polyimide. Using a laser power of 10 mW, their SERS spectra, 
obtained by depositing Ag colloid onto the CF surfaces are shown in Figure 1.15.  
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Figure 1.15: Raman spectra obtained from carbon fibres deposited with Ag; (a) CF; (b) 
maleic anhydride treated CF; (c) maleic acid treated CF reacted with bismaleimide 
(Reprinted from  Xu, B. and Y. Lu, Chemical modification and surface reactions on carbon 
fibers studied by SERS, Journal of Raman Spectroscopy, 2006, 37, 1423-1426. Copyright 
2006, with permission from John Wiley and Sons). 
 
They attribute the  bands at 1350 and 1596 cm-1 in trace (a) to that of graphitic 
carbon structure typical of CF. The significant changes observed in the CF spectra 
after maleic anhydride treatment, in particular, the bands observed at 1608, 1317 
and 1410 cm-1 in trace (b) were assigned to –C=C-, -CH2- and C-O vibrational modes 
of maleic anhydride. After reaction with the bismaleimide (trace c) the broad band 
at 1350 cm-1 was attributed to the formation of C-N, the imide ring and C=C 
structure. The new band observed at 490 cm-1 was assigned to the C-N-C 
symmetric vibration.   
Whilst the results of Xu and Lu [126] suggest that SERS can be used to study 
chemical modifications to the CF surface, the authors also reported some 
additional interesting results.  Extended exposure to the 10 mW laser power 
utilised was found to change the SERS spectra obtained from the maleic anhydride 
treated CF.   
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Figure 1.16 shows spectra obtained from the same spot on the sample 
recorded at two minute intervals denoted as a-e using a laser power of 10 mW as 
well as a SERS spectrum obtained from the same sample at 0.26 mW laser power. 
There are significant differences between both the SERS spectra obtained using 
the different laser powers and the spectra obtained after extended exposure at 
the higher laser power. 
 
Figure 1.16: Raman spectra from MA treated carbon fibre with Ag coating using: A) 
10 mW laser power on the same spot, and B) 0.26 mW on a single spot (Reprinted from 
Xu, B. and Y. Lu, Chemical modification and surface reactions on carbon fibers studied by 
SERS, Journal of Raman Spectroscopy, 2006, 37, 1423-1426. Copyright 2006, with 
permission from John Wiley and Sons). 
B 
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Of interest to the work proposed in this thesis, is the reported SERS spectrum 
of CF  presented by Xu and Lu [126] (Figure 1.17).  Unlike the spectrum reported 
in Ishida’s work [54], shown as Figure 1.14, it exhibited sharp features on top of 
the typical spectra for carbon fibre.  The researchers postulated that these 
features were due to the presence of manufacturer’s size; however the type of 
size used by the manufacturer is not discussed.  
 
Figure 1.17: Raman spectra of CF with Ag coating (Reprinted from Xu, B. and Y. Lu, 
Chemical modification and surface reactions on carbon fibers studied by SERS, Journal of 
Raman Spectroscopy, 2006, 37, 1423-1426. Copyright 2006, with permission from John 
Wiley and Sons). 
 
Both surface oxidation and size on the CF form part of the interface between 
the CF and the matrix resin in a CF composite. The study of this region in situ is 
inherently difficult, requiring complex experimental design, and thus has not been 
extensively investigated. He et al. investigated the interface between the CF 
surface and the epoxy matrix by use of molecular self-assembly on the CF surface 
[124].  CFs were silver electroless plated using a method based on the reaction of 
Tollen’s reagent, prior to reaction with organic thiols (alkane thiols, aromatic thiols 
and heterocyclic thiols) to form self-assembled films.  These films were then 
reacted with the epoxy resin.  Comparison of the Raman spectra obtained from 
the thiols and the SERS spectra where the thiols reacted with the Ag plated carbon 
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fibre showed significant differences, suggesting the chemisorption of the thiols 
onto the Ag-carbon fibre surface through the formation of Ag-thiolates. In Figure 
1.18 below, the S-H stretching band at 2561 cm-1 of the aromatic thiol self-
assembled film is not present in the SERS spectrum, suggesting that the thiol has 
adsorbed onto the Ag surface following the loss of its thiol proton.  The feature 
observed at 225 cm-1 in the SERS spectrum can be attributed to an Ag-S stretching 
mode.  This suggests a chemical interaction between the Ag coated surface of the 
carbon fibre and the sulphur atoms in the thiol. 
 
Figure 1.18: The normal Raman spectrum of aromatic thiol and its SERS spectrum on Ag-
plated carbon fibre surface (Reprinted from He, J., Huang, Y., Meng, L., Cao, H., Gu, H., 
Effects of chain lengths, molecular orientation, and functional groups of thiols adsorbed 
onto CF surface on interfacial properties of CF/epoxy composites, Journal of Applied 
Polymer Science, 2009, 112(6), 3380-3387. Copyright 2009, with permission from John 
Wiley and Sons). 
 
No SERS spectra were obtained after the subsequent reaction with epoxy, but 
the samples were assessed for interfacial shear strength, the results suggesting 
interfacial adhesion properties were dependent on the chemical nature of the 
functional groups present in the interphase region between CF and matrix resin. 
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1.5 Recent developments 
With the development of microscopy based instrumentation, Raman 
spectroscopy can offer spatial resolution of the order of 1 µm.  Coupling this with 
automated submicron precision x-y stage movement there is potential to obtain 
spectral maps at high special resolution with relative short data collection times.  
This would enable the collection of spectral maps along the length of individual 
carbon fibres with the potential to show changes in the surface characteristics of 
the oxidised CF at a resolution never published before.  The information obtained 
would no doubt greatly improve the understanding of the complex nature of the 
CF surface after surface treatment, and has the potential to further improve the 
understanding of the interphase region. 
Recent work by Huson and co-workers investigated the heterogeneity of the 
carbon fibre [53].  Surface heterogeneity was investigated using a combination of 
techniques including Raman spectral mapping, nano-indentation and inverse gas 
chromatography.  Tensile tests were also used to demonstrate the variations in 
modulus.  The work highlights the heterogeneity across individual fibres, different 
fibres of same origin as well as comparing PAN and pitch based fibres.  The Raman 
D/G intensity ratio maps shown in Figure 1.19 clearly show greater variation along 
the pitch based fibre. 
The use of Raman spectral mapping may provide more detailed and much 
needed insight into the complicated nature of the CF surface. 
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Figure 1.19: Raman D/G ratio maps from A) IM7 PAN based carbon fibre and B) P25 pitch 
based carbon fibre (reproduced from [53] with permission from Elsevier). 
 
 
1.6 Summary 
The use of Raman spectroscopy to investigate the bulk structure and properties 
of carbon fibre has been widely demonstrated in the literature.  It has been used 
to monitor the subtle changes to CF caused by surface treatments.  While 
numerous researchers have suggested that oxidative surface treatment of CF does 
not produce a homogeneous surface, there has been no thorough investigation 
into this assumption due to the limiting nature of the techniques utilised. Even the 
micro-Raman spectroscopy carried out was limited to a few spots on a given 
surface.  The ability to acquire Raman spectral maps (hundreds of spectra over a 
defined sample area) from individual CFs after different surface treatments will 
enhance the understanding of the complicated CF surface. 
The detection of size on the surface of a CF using conventional Raman 
spectroscopy has only been reported by one researcher.  Hughes reported the use 
of a Raman microprobe to detect very thin layers of epoxy resin on carbon fibres 
[68].  The presence of resin was suggested by a broad spectrum associated with 
fluorescence (not shown in the publication) rather than a spectrum of an epoxy 
resin. Given the very thin layer of size (≈0.03 µm on a typical 7 µm carbon fibre) it 
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is unlikely that spectra could be obtained from the size using conventional Raman 
spectroscopy. There is only one report of the detection of size on carbon fibre 
using SERS.   Xu and Lu reported that the features observed in SERS spectrum of 
carbon fibre were due to the size on the fibre [126]. The researchers did not 
include a spectrum of the size for comparison, nor did they identify the type of 
sizing agent used on this particular sample.  Further, there published results 
suggest that the spectra obtained changes as a function of collection time, an 
indication that the sample was not stable under the analysis conditions. Thus this 
result has not been confirmed or extended, and is the only mention of size ever 
being detected on CF by SERS. 
There is an obvious need to expand the current knowledge regarding the 
heterogeneity of the CF surface.  The development of rapid Raman spectral 
mapping techniques provides a new approach to help discover the finer details of 
the CF surface that to date have been unachievable. Raman mapping offers a 
technique to further expand the current knowledge regarding the homogeneity 
of surface oxidation along a carbon fibre. The application of SERS to gain a more 
thorough understanding of the surface at a molecular level, for example the 
detection of size, has the potential to further improve our understanding of this 
complex fibre. Combining the use of SERS and Raman mapping offers the 
possibility to probe further into not only the distribution of size along individual 
carbon fibres at a spatial resolution that is unattainable by XPS, but also further 
expand the current knowledge regarding the homogeneity of surface oxidation 
along a carbon fibre, and the change in structure at the near surface of CF. The 
knowledge gained from the detailed Raman characterisation of the CF surface is 
expected to enhance the understanding of CF performance in composite 
materials. 
 
1.7 Objective of Thesis/Research Aim and Objectives 
The principal objective of this thesis was to develop and utilise a variety of 
novel advanced Raman spectroscopic approaches to enhance the understanding 
of the CF surface.  The applications of surface oxidation treatments and sizing to 
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the CF during processing play a crucial role in the performance of the CF in 
composites.  Raman spectroscopy, in conjunction with other characterisation 
techniques, was used to characterise CF surfaces, focussing on three main areas 
of interest; 
 Surface heterogeneity of CF after surface oxidation 
Following on from work published using Raman mapping to compare the 
surface heterogeneity of PAN and pitch based CF, Raman mapping was employed 
to assess the heterogeneity of PAN based CFs after surface oxidation using nitric 
acid, a commonly utilised laboratory approach for the surface oxidation of CFs.  
The aim of this work was to determine if Raman mapping is sensitive enough to 
detect chemical differences resulting from different levels of surface oxidation 
and if the severity of treatment had any effect on the surface heterogeneity. The 
samples were also analysed using other characterisation techniques including 
AFM, XPS and SEM. This work is presented in Chapter 3 of this thesis.   
 Detection and distribution of size on CF 
A major unknown in the characterisation of CF is the detection of size and its 
distribution along the fibre surface.  The aim of this research was to determine if 
a SERS technique could be applied to CF to enhance the detection of the size.  
Successful detection of size on the CF surface is the first crucial step in being able 
to study the size and its distribution in situ on the CF surface.  A variety of 
approaches were undertaken to generate and apply SERS active treatments to CF. 
Initially aqueous based methods using Ag colloidal sols and electroless Ag plating 
were used in an attempt to generate SERS spectra.  Further work was undertaken 
using sputter coating of Au and Ag onto CF for SERS. Ideally, a successful SERS 
technique would be coupled with Raman mapping to produce a visual 
representation of the heterogeneity of the distribution of size along the CF, 
unfortunately this was not achieved in this research.  This work is presented in 
Chapter 4 through 6 of this thesis. 
 The assessment of commercial electrochemical treatments on CF 
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To date there has been no systematic study of the effects of treatment 
parameters utilised in the commercial oxidation of the CF surface published in the 
literature. This is largely due to the inability to access samples originating from a 
commercial manufacturing environment. Raman spectroscopy, including SERS 
and high resolution spectral mapping offers a unique opportunity to gain insight 
into this critical area.  
The oxidation of the CF surface introduces functional groups and etching to the 
CF surface that are crucial for the interfacial adhesion between the CF and resin 
in a CF composite. An improved understanding of the CF surface after treatment 
has the potential to lead to changes in surface treatments that will facilitate 
improved CF composite properties in terms of delamination and failure 
properties.  
A matrix of electrochemically treated CF samples covering a range of currents, 
voltages and conductivities (and thus current densities) was prepared utilising a 
single tow line that mimics a full scale commercial line as found in CF 
manufacturing facilities. These samples were initially assessed using SEM, XPS, 
FTIR spectroscopy and spot probe Raman spectroscopy in both conventional and 
SERS modes. A subset of the sample matrix was further studied using both 
conventional and SERS Raman mapping as a preliminary investigation into the 
capability of this approach in gaining insight into the heterogeneity of the CF 
surface after oxidative treatment. This work is covered in Chapter 7 of this thesis. 
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CHAPTER 2 
Techniques, methods and materials 
In this chapter the basic concepts and methodologies of the experimental work 
carried out in this thesis are presented. Topics include analytical methods used for 
CF surface characterisation with a special emphasis on Raman spectroscopy. The 
preparation of nitric acid surface oxidised CF, the preparation and application of 
metal nanoparticles to CF for SERS and characterisation of a matrix of 
electrochemically oxidised CFs on the Carbon Nexus single tow plant are also 
presented.   
 
 Carbon fibre surface characterisation methods 
Many approaches have been taken to investigate the carbon fibre surface 
properties and the fibre-matrix interface [7, 8, 44, 50, 69, 74, 78, 101, 127]. The 
most common include imaging techniques such as Scanning Electron Microscopy 
(SEM) and Transmission Electron Microscopy (TEM), and traditional surface 
analysis techniques including X-ray Photoelectron Spectroscopy (XPS), Atomic 
Force Microscopy (AFM) and Attenuated Total Reflectance (ATR) Infrared 
spectroscopy.  Raman spectroscopy has also been utilised for the characterisation 
of carbon fibres and can be considered a surface sensitive technique.  The basics 
of these techniques are presented below. As Raman spectroscopy is the major 
technique used in this work, it is presented separately (Section 2.2) at a higher 
level of detail. 
 
2.1.1 SEM and TEM 
SEM and TEM imaging techniques can show changes in the surface morphology 
of fibres before and after treatment, but lack the ability to give specific 
information regarding the chemical changes to the carbon fibre surface [83, 128, 
129].  
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In SEM, a beam of focussed high energy electrons scans across the sample 
under vacuum [130, 131]. The electron-sample interactions can generate various 
signals.  The most commonly used signal for imaging is that of the secondary 
electrons that are emitted from the sample.  These are low energy electrons that 
are ejected from the K orbitals of the sample atoms upon interaction with the 
electron beam. Other signals include backscattered electrons, diffracted 
backscattered electrons and photons, and x-rays, the latter is used for elemental 
analysis using Energy Dispersive X-Ray (EDX) spectroscopy.   
A schematic of an SEM is shown in Figure 2.1.  An electron gun is positioned at 
the top of the column.  The beam of electrons is focussed by a series of condenser 
lenses and apertures as it travels down the column.  Scanning coils are used to 
raster the focussed beam across the sample which is held on a stage used to 
facilitate alignment.  The secondary electrons are collected by a detector to 
generate an image.  Backscattered electrons can also be collected for imaging 
purposes.  Elements with higher atomic numbers yield more backscattered 
electrons and therefore generate a higher signal, making this approach less useful 
for the study of carbon based materials such as CF. At high magnification, a 
resolution better than 10 nm can be achieved using an SEM. 
 
Figure 2.1: Schematic representations of an SEM (left) and a TEM (right).  
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In TEM, a high energy electron beam is used to illuminate a very thin sample 
held under vacuum, and the transmitted electrons are collected to form an image 
(refer to Figure 2.1) [132, 133].  Similar to an SEM, an electron beam is generated 
at the top of the column and in this case, passes through a series of lenses and 
apertures both before and after passing through the sample.  A fluorescent screen 
and/or a CCD camera detect the transmitted electrons to produce an image. A 
resolution of at least 1 nm can be obtained at high magnification using a TEM.  A 
drawback of using TEM is that the samples must be thin, less than 100 nm thick.  
To achieve this, samples must be sectioned or polished, which can be challenging 
with carbon fibre and carbon fibre-matrix resin samples.   
Both of these imaging techniques can be coupled with EDX analysis to identify 
elements present at a given location within the sample (refer to Figure 2.1), but 
no information about the state of these elements is obtained. 
The SEM images presented in this work were secondary electron images 
obtained using a S-4300SE/N Schottky Emission Scanning Electron Microscope 
(Hitachi, Tokyo, Japan) at an accelerating voltage of 1.2 kV. Single fibres were 
mounted on aluminium stubs using adhesive carbon tape (ProSciTech, Kirwan, 
Australia). 
TEM was not utilised in this work to analysis carbon fibres, however it was 
utilised in the characterisation of Ag colloidal particles prepared for the SERS 
studies presented in Chapter 4. Experimental details are presented in Section 
2.5.1 of this chapter. 
 
2.1.2 XPS 
XPS has been used to analyse the surface properties of CFs [21, 61, 85, 134]. 
While XPS is commonly used to assess chemical changes to surfaces that take 
place on the atom layer level it has some drawbacks including having to be carried 
out under high vacuum and having a relatively large analysis spot size (150 – 1000 
µm). The theory of XPS is based on the photoelectric effect as put forth by Albert 
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Einstein [135, 136].  In this method [137, 138] a soft or low energy x-ray beam 
(usually Al or Mg) is generated and focused onto the sample under vacuum.   
These photons interact with the sample, causing photoelectrons to be emitted 
from the surface of the sample.  The kinetic energy and number of emitted 
photoelectrons are measured by the hemispherical electron energy analyser and 
electron detector respectively, and used to identify and quantify the elements 
present as well as the chemical composition (refer to Figure 2.2). Given that the 
energy of the x-ray photon (Ephoton) being used is known, for example for Al  
Ephoton=1486.7 eV, and the kinetic energy (Ekinetic) is measured by the instrument,  
then the electron binding energy (Ebinding) of the emitted electrons can calculated 
based on Rutherford’s equation:  
Ebinding = Ephoton − (Ekinetic +
Ø), 
 
(2.1) 
where Ø is the work function which is dependent on both the instrument and the 
sample.  The photoelectrons generated come from a depth no greater than 10 
nm, making XPS an ideal surface characterisation technique [138].   
 
 
Figure 2.2: A schematic representation of the basic XPS instrument. 
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XPS can be used to determine specific information about the elements present 
on the surface of a material.  The information obtained from XPS analysis is 
derived from the changes observed at specific binding energies.  The use of peak 
fitting of peaks that are not always clearly defined can aide the interpretation of 
the XPS scans. For example the C1s peak for CF is asymmetric with long tailing 
observed on the high binding energy side.  The fit used can be based on either a 
graphitic carbon model or an aliphatic carbon model.  Neither of these models will 
account for the presence of amorphous carbon in CF, but the graphitic model 
helps account for some of the tailing observed.  Depending on the characteristics 
of the CF analysed, the number a peaks used in the curve fitting varies.  Some 
researchers only use two peaks plus the reference [13] while others have used up 
to six plus the reference [66].  The oxide bands appear under the tailing, so if the 
graphitic model is used to assess the XPS data from a weakly oxidised CF there is 
potential for errors in the curve fitting of the oxide peaks (refer to Figure 1.5). 
XPS is also capable of distinguishing the nature of the element, for example, it 
can be determined if carbon is present as C-O (single bond) or a C=O (double bond) 
by deconvolution of the C1s peak into multiple components and comparing their 
binding energies to those of established models [17].   Whilst in theory this 
technique has the potential to identify the functional groups on the surface of CFs, 
in practice it is complicated by the asymmetric  shape of the C1s peak and a long 
tailing component observed on the high binding energy side [13].  Further 
complications arise if there are only small chemical shift differences between 
functional groups of interest.  For example it can be difficult to distinguish 
between carboxylic acid and ester groups [17].  The binding energies for graphitic 
carbon and aliphatic carbon observed by XPS are also very close.  The nature of 
CF, consisting of graphitic, disordered and amorphous carbon and the changes 
induced by surface treatment makes deconvolution of the C1s peak challenging.   
XPS analysis in this thesis was performed using an AXIS Ultra DLD spectrometer 
(Kratos Analytical Inc., Manchester, UK) with a monochromated Al Kα source at a 
power of 144 W (12 kV  12 mA), a hemispherical analyser operating in the fixed 
analyser transmission mode and the standard aperture (analysis area: 0.3 mm × 
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0.7 mm). The total pressure in the main vacuum chamber during analysis was 
typically between 10-9 and 10-8 mbar. Survey spectra were acquired at a pass 
energy of 160 eV. To obtain more detailed information about chemical structure 
and oxidation states, high resolution spectra were recorded from individual peaks 
at a 40 eV pass energy (yielding a typical peak width for polymers of 1.0 eV). 
Samples were prepared by creating a bundle consisting of multiple fibres and 
mounting each bundle across an open cavity holder. Each sample was analysed at 
three different locations at a nominal photoelectron emission angle of 0° with 
respect to the surface normal. Since the actual emission angle is ill-defined in the 
case of samples with a rough surface (ranging from 0° to 90°) the sampling depth 
may range from sub nanometre to approximately 10 nm. 
Data processing was performed using CasaXPS processing software version 
2.3.15 (Casa Software Ltd., Teignmouth, UK). All elements present were identified 
from survey spectra. The atomic concentrations of the detected elements were 
calculated using integral peak intensities and the sensitivity factors supplied by 
the manufacturer. Binding energies were referenced to the graphitic hydrocarbon 
peak at 284.4 eV.  
 
2.1.3 AFM 
AFM is a versatile technique providing information at a very high resolution.  It 
can provide information about the height (surface roughness), friction and 
magnetism of a sample. Images at atomic resolution are achievable and surface 
roughness differences at an angstrom scale resolution have been reported [108]. 
A schematic representation of a typical AFM is shown in Figure 2.3. A sharp tip 
attached to a cantilever is scanned over the surface of the sample.  Atomic forces 
between the tip and the sample surface causes the cantilever to bend.  These 
small changes are detected through the deflection of a laser beam directed onto 
the cantilever.  The deflection is detected by a position sensitive photo diode.  A 
feedback loop uses the laser position from the photo diode to maintain the force 
of the tip (or in the case of tapping mode, the oscillation amplitude) as well as 
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track the position of the tip. An image is obtained by raster scanning the tip along 
the sample in the x-y direction and plotting the deflection of the tip at each x-y 
coordinate. AFM imaging can be performed in contact or non-contact modes.  The 
difference between these modes is that the cantilever deflection remains 
constant in contact mode, whereas in non-contact mode, the tip is oscillated at 
the resonance frequency and the oscillation amplitude is kept constant.  AFM 
results in this work were collected using “tapping” mode which is an intermediate 
mode between contact and non-contact modes, and generally provides good 
resolution with minimal to no surface damage [139, 140]. 
 
 
Figure 2.3: A schematic representation of a basic AFM experiment (adapted from [141]). 
 
For AFM analysis, single fibres were attached to glass microscope slides using 
double sided adhesive tape.  AFM images were obtained using a Dimension SPM 
3000 (Digital Instruments, Santa Barbara, USA) equipped with a TESPW silicon 
probe with a pyramidal tip on a cantilever with a spring constant of 42 N/m. The 
instrument was run in tapping mode and the scan sizes were 1.5 x 1.5 µm. Three 
locations on at least three different fibres from each treatment were examined.  
The roughness measurements were made after applying a second order flattening 
function to the images. Surface roughness was initially calculated by averaging 
root mean square roughness (Rrms) values from several 1.5 x 1.5 µm images of 
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fibres from each treatment. This often used approach results in the inclusion of 
longitudinal striations that are produced during the manufacturing process and 
thus does not provide a true surface roughness value. More meaningful roughness 
values were obtained by averaging values calculated from smaller areas (100 x 400 
nm) within the 1.5 x 1.5 µm images, thus avoiding the striations.  Nanoscope 
Analysis version 1.4 software was used for data analysis.  
 
2.1.4 FT-IR spectroscopy 
FT-IR spectroscopy has been used to characterise CF [14, 84, 85, 87, 120, 142, 
143], however due to the high absorption of IR radiation by carbon material the 
spectra do not provide a significant amount of information about the CF surface. 
From vibrational spectroscopy selection rules, a change in dipole moment is 
required for a vibration to absorb infrared energy  [144].  If a large change in dipole 
takes place, as occurs in C=O bond stretching, the resulting absorption bands are 
usually very strong.  In contrast, many of the carbon-carbon bonds in CF are non-
polar, and thus little or no change in dipole moment takes place during the 
vibrational modes. In general, the carbon-carbon infrared absorption bands of CFs 
are very weak and difficult to observe.  FT-IR spectroscopy does however, have 
the potential to detect functional groups and surface coatings applied to the CF.  
Transmission mode infrared spectroscopy is often used to provide chemical 
information about the bulk fibre [142, 143], whereas Attenuated Total Reflectance 
(ATR) spectroscopy [84, 85, 87, 120] has been used for surface studies. 
The major components of a Fourier transform (FT) spectrometer are the light 
source, the interferometer, the sample compartment and the detector as 
depicted in Figure 2.4. FT-IR spectrometers are based on the Michelson 
interferometer.  The incoming IR beam is split into two by the use of a beam 
splitter.  One beam reflects off a static mirror whilst the other beam is reflected 
off a moving mirror. After these reflections the two beams are recombined at the 
beam splitter, generating an interferogram.  The interferogram is a frequency 
dependent interference pattern that results from the optical path length 
differences of the two combining beams.  To obtain a frequency spectrum, the 
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interferogram undergoes a mathematical processing know as Fourier 
transformation [145, 146].  
 
Figure 2.4: Schematic representation of an FT-IR spectrometer. 
  
The IR spectra in this work were obtained using a PerkinElmer Frontier FT-IR 
spectrometer (PerkinElmer Inc., Waltham, USA) equipped with a mercury-
cadmium-telluride (MCT) detector.  Data was collected using Spectrum software 
version 10.5.1.581 (Perkin Elmer Inc., Waltham, USA) and all post collection 
processing, such as baseline correction and normalisation, was performed using 
Grams AI software Version 9.1 (Thermo Fisher Scientific Inc., Waltham, USA).  The 
FT-IR spectra in this thesis are the result of the co-addition of 32 scans, run at a 
resolution of 4 cm-1 using a strong apodisation function and a scan speed of 1 
cm/s. Any variations are given in the relevant sections throughout this thesis. A 
MIRacle single bounce ATR accessory (Pike Technologies, Fitchburg, USA), fitted 
with a Germanium (Ge) Internal Reflectance Element (IRE) was used for analysing 
the CF. The samples of decomposed size  (Chapter 5) were analysed using a 
diamond IRE in an GladiATR (Pike Technologies, Fitchburg, USA) single bounce ATR 
accessory.  
In ATR spectroscopy (refer to Figure 2.5), the sample is held against the IRE with 
adequate pressure to ensure good contact.  At each point where the infrared 
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beam internally reflects (when the incident beam angle exceeds that of the critical 
angle), an evanescent wave is generated, which penetrates into the sample.  
 
Figure 2.5: Schematic representation of a single reflection ATR experiment (adapted from 
[147]). 
 
The depth of penetration (dp) into the sample (refer to Figure 2.5) is governed 
by the refractive index of the IRE (n1) , the ratio of the refractive indexes of the 
sample and the IRE  (n21), the angle of incidence (ѳ), and the specific wavelength 
of the infrared radiation (λ), according to the equation 2.2 [148]. 
𝑑𝑝 =  
𝜆
2𝜋𝑛1√(sin2 𝜃 − 𝑛212)
 
 
(2.2) 
The depth of penetration into a carbon fibre at 1720 cm-1 using a Ge IRE has been 
estimated at approximately 0.44 μm [84]. 
Whilst not employed for this research the use of FT-IR microscope 
spectrometer fitted with a Ge IRE ATR gives scope to analyse single CFs.  
Technology is available to perform ATR mapping that may be applicable to the 
characterisation of the CF surface, however the same issues relating to the high 
absorption of the IR radiation by carbon would still exist. The striated surface of 
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the CF is also likely to result in poor contact with the IRE as uneven pressure is 
applied to the sample using this technique. 
 
 Raman spectroscopy 
Raman spectroscopy has predominantly been used to identify changes in the 
structure of carbon fibres in terms of disordered induced (D) and graphitic (G) 
bands that are associated with the stretching modes of the C-C bonding present 
(refer to Chapter 1, Section 1.4.1 for more details about the vibrational modes of 
pure carbon materials).   The use of micro-Raman techniques gives the ability to 
sample at a sub-micron spatial resolution and a penetration depth of several 
microns for materials transparent to the excitation laser wavelength.  For carbon 
based materials the sampling depth utilising a 514 nm laser excitation is estimated 
at ~50 nm [114].  Surface Enhanced Raman Spectroscopy can be used to obtain 
information from the carbon fibre surface, especially functional groups added to 
fibres at a sub-micron depth. These aspects as well as the basic theory of Raman 
spectroscopy are now discussed in detail. 
 
2.2.1 Conventional Raman spectroscopy 
In Raman spectroscopy, the sample is irradiated with electromagnetic 
radiation typically produced by a laser. The radiation scattered by the molecules 
in the sample can be classified as either Rayleigh or Raman scattering, depending 
on the interaction of the incident photon and the molecule (refer to Figure 2.6 
(left)) [144, 149]. 
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Figure 2.6: A representation of the energy of the photons upon interaction with the sample 
(left), and the relative intensity of the spectra from the different types of scattering (right).  
 
In both Rayleigh and Raman scattering (refer to Figure 2.7) the molecule starts 
at an initial defined energy state (vi where i=0, 1, 2…)[150].  Interaction with the 
laser photon causes the excitation of the molecule to an undefined energy state 
that is determined by the laser energy (ν0), before it returns to a final defined 
energy state (vj where j=0, 1, 2…).  The final state may be the same or different to 
the initial state [144, 150].  Rayleigh scattering is elastic in nature where there is 
no change in the rotational or vibrational energy of the molecule, and thus the 
energy of the scattered photon is equivalent to that of the incident photon.  This 
accounts for the majority of the scattered photons, thus leading to this most 
intense line often obscuring the low frequency Raman lines [144].  
The intensities of the Raman scattering lines are significantly weaker than the 
Rayleigh line (refer to Figure 2.6 (right)) as Raman scattering occurs in one photon 
for every million photons that are Rayleigh scattered [151].  Raman scattering is 
inelastic as the interaction between the molecule and the photon results in a 
change to the rotational and vibrational energy of the molecule, and thus the 
energy of the scattered photon (νv) is different to that of the incident photon (ν0) 
by an amount equivalent to the energy change observed by the molecule (refer to 
Figure 2.7) [144].  Note, for simplicity purposes, Planck’s constant of 
proportionality has been omitted in the figures and the above discussion. 
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Figure 2.7: Energy level diagram depicting Rayleigh and conventional Raman scattering 
(adapted from [150]). 
 
Raman scattering can be further classified as Stokes or anti-Stokes transitions 
[144].  If the energy of the scattered photon is less than the exciting photon (i.e. 
when the molecule does not return to the ground state, but to the first excited 
vibrational state), it gives rise to Stokes Raman scattering.  If the molecule is 
initially in the first vibrational excited state when irradiated, and the molecule 
then returns to the ground vibrational state, the energy of the scattered photon 
emitted is greater than that of the incident photon.  This gives rise to anti-Stokes 
Raman scattering.  The most probable distribution of particles in a system among 
all the allowed energy levels is given by Boltzmann’s distribution  
 
𝑁𝑖
𝑁0
=
𝑔𝑖
𝑔0
𝑒
−(𝐸𝑖−𝐸0)
𝑘𝑇 , 
(2.5) 
 
where Ni is the number of atoms in energy state i, N0 is the number of atoms 
at ground state, ɡi and ɡ0 are the degeneracies (number of distinct configurations 
of the atom at that energy state) of energy state i and ground state 0, Ei the energy 
of state i, E0 the energy of the ground state, k the Boltzmann constant and T the 
temperature of the system [152]. This relationship shows that states with lower 
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energy will always have a higher probability of being occupied than the states with 
higher energy, thus the intensities of the Stokes lines, originating from the ground 
state, are found to be greater than the anti-Stokes lines, which originate from an 
excited state (Figure 2.6 (right)).  A derivation of the origins of Rayleigh and Raman 
scattering is now presented. 
For a molecule to produce a Raman spectrum the vibration must cause a 
change in its polarisability (α).  Polarisabilty is most simply defined as the ease 
with which electrons can move within a molecule in response to an electric field.  
The induced dipole moment (µ) is the product of the electric field (E) and the 
polarisabilty of the molecule, 
μ = α𝐸. 
 
(2.6) 
Electromagnetic radiation is an oscillating electric field and thus changes with 
time according to the equation: 
𝐸 = 𝐸0 cos (2πνt), 
 
(2.7) 
where E0 is the maximum value of the electric field, ν is the frequency of the 
radiation and t is time.  So, by combining equations 2.6 and 2.7, the temporary 
induced dipole moment for these interactions can be expressed as, 
𝜇 = 𝛼𝐸0 cos(2𝜋𝑣𝑡). 
 
(2.8) 
In molecular vibrations, the normal coordinate Q varies periodically with the 
vibrational frequency νv and can be expressed as 
𝑄 = 𝑄0 cos(2𝜋𝜈v 𝑡), 
 
(2.9) 
where Q0 is the maximum magnitude of the given normal vibration.  It is assumed 
that the vibration will cause an alternation in the polarisability α according to 
α = α0 + (δα δQ⁄ )0Q, 
 
(2.10) 
where α0 is the polarisability of the molecule in its equilibrium position, and 
(δα/δQ)0 is the derivative of the polarisability with respect to the normal vibration 
coordinate at the equilibrium position.  From equations (2.8), (2.9) and (2.10), one 
has 
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μ = α0E0 cos(πν0 t) + Z cos[2π(ν0 − νv)t] + Z cos[2π(ν0 + νv)t],  (2.11) 
where 
𝑍 =
(δα δQ⁄ )0 Q0
2
. 
 
 
The three terms in the right side of equation (2.11) represent three different 
scattering frequencies ν0 (Rayleigh), ν0-νv (Stokes Raman) and ν0+νv (anti-Stokes 
Raman).  
From Boltzmann’s distribution (refer to equation 2.5), the population of the 
ground state of a molecule v0 is greater than an excited state v1, Stokes transitions 
are always stronger than anti-Stokes transitions (refer to Figure 2.6 (right)). The 
intensity of Raman scattering is proportional to the fourth power of the excitation 
frequency (for Stokes, ν0-νv) and the square of rate of change of the polarisability 
((δα/δQ)0) as shown in the equation, 
I(Stokes) = (ν0 − νv)
4(δα δQ⁄ )0
2
. 
 
(2.12) 
Experimentally it is useful to define the Raman signal strength in terms of a 
cross-section. The cross-section expresses the Raman scattering efficiency of a 
molecule in a manner analogous to describing light absorption through the 
absorption cross-section (Beer's law) [153]. Using the cross-section σ', the total 
scattered Raman shifted light from a sample with length z and a molecular number 
density N given as  
I(Stokes)(νv) = 𝑁𝑧σ
′(νv)I0, 
 
(2.13) 
where I0 is the intensity of the incident laser, and I is the intensity of the Raman 
scattered light [153]. 
Comparing Equations 2.12 and 2.13, it is evident that the Raman cross-section 
is directly proportional to (δα/δQ)0.  This underlines the central importance of the 
condition of a non-zero polarisability change along the nuclear coordinate [153].  
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2.2.2 Surface Enhanced Raman Spectroscopy (SERS) 
The theory and application of SERS has recently been reviewed [154-156].  
Briefly, small metal particles are adsorbed by molecules at the sample’s surface 
and the resulting Raman scattering is increased by four or more orders of 
magnitude due to electromagnetic and/or chemical effects. The electromagnetic 
enhancement mechanism involves the production of plasmon energy when the 
radiation of the excitation laser interacts with surface electrons [155, 156]. The 
phenomenon occurs in metal nanoparticles when the free electrons form an 
electron cloud, approximately the size and shape of the particle that can oscillate 
as a quantum entity known as a surface plasmon (refer to Figure 2.8). The 
amplification of the Raman signal occurs when the oscillation is resonant with the 
excitation laser.  Whilst this interaction is likely to be the major contributor to the 
surface enhancement observed in SERS, it does not account for the entire 
enhancement.  It is thought that charge-transfer enhancement also contributes in 
some instances.  This chemical mechanism occurs when the molecule is able to 
bond to the metal surface [156].  The impinging laser excitation radiation interacts 
with the metal and induces a charge transfer to the bonded molecule. The overall 
surface enhancement can be further improved by matching the excitation 
radiation of the laser to an electronic transition present in the molecule being 
probed, i.e. utilising resonance Raman scattering to increase the SERS signal [156]. 
There are three commonly used SERS active surfaces.  The first type, based on 
the initial SERS phenomenon observed by Fleischmann, Hendra and McQuillan 
[157] involves the use of electrochemically roughened noble metal electrodes. 
The second SERS surface used is one made of colloidal metal particles or 
nanoparticles [158, 159]. The other surface type used for SERS involves the use of 
vacuum vaporization or chemical reduction to apply a thin metal film onto a 
substrate [160, 161]. The second and third SERS surfaces would be appropriate to 
use on CF. 
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Figure 2.8: Schematic representation of electromagnetic enhancement in SERS (adapted 
from [162]). 
 
2.2.3 Raman instrumentation 
The Raman spectra reported in this work were all collected on an inVia confocal 
microscope system (Renishaw, Gloucestershire, UK), a schematic representation 
of which is shown as Figure 2.9.  Prior to entering the spectrometer, the laser 
passes through the selected neutral density (ND) filter which attenuates the 
intensity of the beam, to reduce the risk of sample damage.  Once in the 
spectrometer, the laser is directed by a steering mirror through the beam 
expander/condenser optics.  These optimise the beam shape and positioning for 
optimum alignment.  Additional optics direct the laser to the microscope, through 
the objective and onto the sample.  The backscatter configuration means the 
scattered light is collected at 180° from the incident beam. Filters are used to 
remove the Rayleigh and anti-Stokes scattering.  The remaining Stokes Raman 
photons are focused through an entrance slit into the diffraction chamber.  From 
here the Raman scatter is dispersed by the diffraction grating and in conjunction 
with the guiding prism, the selected wavelength bands are directed onto the face 
of a charge coupled device (CCD).  
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Figure 2.9: Schematic representation of the laser beam path for the inVia micro-Raman 
spectrometer. 
 
The spectrometer was equipped with the following components: 
 Raman excitation lasers: Stellar-ProML-150 argon ion laser (Modu-Laser, 
Centerville, USA)) generating excitation in the visible region at 457, 488 
and 514 nm, and a HP NIR diode laser (Renishaw, Gloucestershire, UK) 
generating excitation at 785 nm 
 Optimised beamsplitter-filter assemblies for each laser line 
 2400 lines/mm grating for use with 457, 488 and 514 nm laser; 1200 
lines/mm grating for use with the 785 nm laser 
 Neutral density filters to alter the beam intensity 
 Leica DM2500M  microscope 
 Microscope objectives including x5 (NA 0.12), x20 (NA 0.40) x50 (NA 0.75) 
and x100 (NA 0.85), where NA is the numerical aperture value (see 
equation 2.15) 
 Digital camera for image capture (0.4 Mpixel) 
 x-y-z computer controlled motorised stage, minimum step size of 0.1μm 
 Deep depletion CCD detector and streamline CCD for rapid mapping. 
For all data collections the fibres were orientated parallel to the polarisation of 
the laser with the aid of a rotating stage. 
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The laser powers at sample reported in this work were all measured using a 
Nova power meter (Ophir, Jerusalem, Israel) fitted with a PD300-3W head. A ND 
filter was attached to the head when it was required to make measurements at 
high laser power. The laser power utilised was generally determined for each 
specific experiment, but to avoid sample decomposition the lowest laser power 
that produced a viable spectrum was utilised. The Raman shifts were calibrated 
using the 520 cm-1 line of a silicon wafer and the spectral resolution was ~ 1 cm-1.  
Data processing and analysis, including deconvolution of spectra, were 
performed using WiRE software version 4.2 (Renishaw, Gloucestershire, UK). 
Specific Raman experimental details can be found in each of the relevant chapters, 
as the data collection parameters were optimised for each sample.   
During all data collections specific attention was given to note any sample 
decomposition or un-planned movement (particularly in the case of single fibre 
work). This can be often be identified by changes in the laser scattering pattern or 
a change in spectral signal during an experiment utilising co-addition of sequential 
scans. A sample can also appear stable to the initial experimental conditions used, 
however when the experiment involves hours of data collection, such as during a 
mapping experiment, the sample may decompose or move well into the mapping 
process.  The decomposition in this case is likely due to the prolonged heating 
effect on the sample.  The sample movement can result from the decomposition, 
but can also be caused by the stage movements used during mapping (refer to 
Section 2.2.5). Although not a frequent occurrence, if sample movement was 
observed immediate action, as required, was taken to rectify the situation.  
Spectra shown with “Relative Counts” on the y-axis are offset for ease of 
comparison. All spectra are presented as collected unless specifically noted to 
have been normalised, scaled or smoothed. 
 
2.2.4 Confocal Raman spectroscopy 
The information obtained from standard microscopy (or micro Raman 
spectroscopy) is typically obtained from very thin areas both above and below as 
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well as in the focal plane of the sample (refer to Figure 2.10 left).  The use of 
pinhole apertures between the sample and detectors can reduce the scatter and 
deliver information from a single focal plane, and is referred to as confocal 
microscopy (refer to Figure 2.10 right).  In confocal Raman spectroscopy, the 
ability to obtain spectra from this very thin, focussed optical slice within the 
sample of interest provides improved depth (z) resolution.  This means 
information from the very near surface of the CF can be obtained with minimal 
influence from surrounding material (both above and below the focal plane). [163]  
The Renishaw inVia micro-Raman spectrometer used in this research, achieves 
the confocal mode by way of a virtual pinhole that results from the combination 
of the adjustment of the entrance slit widths and the CCD pixel area.  
 
Figure 2.10: A simplified schematic representation of standard (left) and confocal (right) 
microscopy/spectroscopy. 
 
2.2.5 Raman spectroscopy mapping 
Typically, Raman spectroscopic analysis is based on a spectrum acquired from 
a single spot on a sample.  This approach, referred to as “spot probe analysis” in 
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this thesis, generates a spectrum from one spot on a sample.  The development 
of automated Raman spectral mapping allows the collection of multiple spectra 
from across a user defined area of interest. Mapping software coupled with a 
computer controlled x-y-z stage enable the user to collect maps of different 
shapes (e.g. rectangle, circle, line) under various collection parameters. The user 
defined map area appears as a grid overlay on an optical image of the sample 
(refer to Figure 2.11 A).  The intersection of the lines in the x and y directions are 
the points were spectra are recorded. All of the data collection variables typically 
optimised for the Raman spectral analysis are available (e.g. type of scan, laser 
power, exposure time, etc.), along with mapping specific variables such as the step 
size between each spectrum in both the x and y directions (and thus the number 
of spots sampled within the defined area). Given the area the map is scanning may 
be quite heterogeneous, determination of an optimal set of data collection 
parameters can be challenging.  
 
Figure 2.11: Representation of a mapping grid on a CF (A).  The raster and snake spectral 
collection patterns (blue) and the required stage movement (red) (B). 
 
The increments between spectral data collection is user defined within the 
limits of the stage movement resolution.  For example, the minimum step size of 
the stage used by the  Renishaw inVia micro-Raman spectrometer used in this 
research is 0.1 μm in both the x and y direction.  Whilst the capability exists to 
collect spectra at such small increments, the size of the laser spot should be 
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carefully considered when designing a mapping experiment, to ensure “over 
sampling” of the map grid does not occur.  This would result if, for example, the 
spectra were collected at 0.1 μm intervals but the laser spot size was 1 μm and 
thus there would be significant overlap of the area analysed.  For a Gaussian beam 
such as the one used in this work, the laser spot size is defined as the distance 
across the centre of the beam for which the irradiance (intensity) equals 1/e2 of 
the maximum irradiance (1/e2=0.135). The laser spot size is primarily determined 
by the laser wavelength and microscope objective being used.  The minimum 
achievable spot size is diffraction limited, according to the laws of physics and 
optics [164] and can be calculated as follows: 
Laser spot diameter =
1.220λ
NA
, 
 
(2.14) 
where λ is the wavelength of the laser and NA is the numerical aperture of the 
microscope objective being used.  The value 1.220 arises from the constraints of 
a circular aperture.  The numerical aperture of an optical system such as an 
objective lens is given by 
𝑁𝐴 = 𝑛 sin 𝜃, 
 
(2.15) 
where n is the index of refraction of the medium in which the lens is working (1.00 
for air) and  θ is the maximal half-angle of the cone of light that can enter or exit 
the lens. Examples of the theoretical laser spot sizes using the lasers and 
objectives available with the spectrometer used in this work are shown in Table 
2.1. 
Table 2.1. Calculated theoretical laser spot diameters. 
 Theoretical laser spot diameter (μm) 
Wavelength 
(nm) 
NA 0.12 (x5) 
NA 0.40 
(x20) 
NA 0.75 (x50) NA 0.85 (x100) 
457 4.65 1.39 0.74 0.66 
488 4.96 1.49 0.79 0.70 
514 5.23 1.57 0.84 0.74 
785 7.98 2.39 1.28 1.21 
 
The laser power density at the sample can be calculated as 
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𝑃𝑜𝑤𝑒𝑟 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  
2𝑃
𝜋𝑟2
 , 
(2.16) 
 
where P is the laser power in W and r is the radius of the beam in mm. The factor 
of 2 arises from the peak power at the beam centre being twice the average power 
density for a Gaussian beam. 
Whilst the mapping experiments can be designed to cover very small areas of 
interest at high spatial resolution, such as the experiments in this thesis (refer to 
Chapter 3 and Chapter 7), they can, and are most often engineered to cover much 
larger areas, set up as montages, at lower resolution. This latter approach has be 
applied to the analysis of samples including an entire pharmaceutical tablet and 
tooth [165]. The time required to collect a spectral map acquisition can quickly 
escalate to several hours and beyond, for both low and high resolution maps. 
Other aspects to consider when setting up a mapping experiment are stage 
movement and the possibility of sample movement. There are two scanning 
patterns available when running a mapping experiment, raster and snake.  The 
difference between the two scanning patterns is shown in Figure 2.11 B.  The blue 
arrows indicate the direction the spectra are collected in, whilst the red arrows 
show the automated movement of the stage required to collect the data.  While 
the raster pattern requires an extended back-tracking stage movement at the end 
of each row, the snake is more sequential. The choice of the snake pattern 
generates less stage movement as well as shorter stage movements compared to 
the raster approach and is thus preferred when running samples such as single CFs 
that can be prone to movement when attached to a sample holder at only the end 
points.   
The number of spectra collected in maps is usually quite large.  All of the typical 
post collection data processing methods, such as baseline correction, smoothing 
and deconvolution can be applied to either an individual spectrum within the map 
dataset or as a batch process to all spectra within the map dataset.  Maps can be 
generated from a variety of parameters, including peak intensity, peak position 
and peak ratios, depending on the information required. More advanced 
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techniques, for example, principal component analysis, can also be used for the 
analysis of map data.  It is often useful, as done in this thesis, to import map data 
into programs such as Matlab (Mathworks, Natick, USA) where statistical 
methods, including histograms, can be constructed. 
 
 Comparison of carbon fibre surface characterisation 
techniques 
The characterisation of the CF surface is challenging.  Each of the techniques 
discussed above offer their own pros and cons. As TEM is used to characterise 
metal nanomaterial generated for SERS it will not be included in this comparison.  
SEM and XPS are both performed under high vacuum, whereas AFM, FT-IR 
spectroscopy and Raman do not require vacuum. Due to their relatively large 
sample spot size, the XPS and standard ATR FT-IR spectroscopy utilised in this 
thesis could not be applied to single CFs. A typically SEM can give a 10 nm 
resolution,  the AFM can detect  down to the atomic level, whilst the micro-Raman 
offers sub-micron spot size analysis.  Throughout this thesis the term “near 
surface” has been utilised to describe the outermost surface of the CF as analysed 
by both XPS and SERS.  This refers to an approximate analysis depth of up to 10 
nm for the XPS of CF, and an estimated depth of 2-30 nm for the SERS of CF (see 
Chapter 8, Section 8.1). 
The information obtained from a CF surface regarding the elements and the 
state they are present in is superior in XPS, however this technique cannot 
distinguish amorphous carbon. The use of an EDX detector in SEM enables highly 
spatially resolved elemental analysis, but no detail regarding the form they are 
present in.  The two vibrational spectroscopy techniques, FT-IR and Raman 
spectroscopy can both provide information about chemical functional groups 
present and the chemical structure of materials, with the latter providing 
information on the chemical structure of the carbon in CFs.  AFM, as a stand-alone 
instrument does not give chemical information about the sample.  A summary of 
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the experimental capabilities of the techniques used to characterise CF in this 
thesis is given in Table 2.2 
Table 2.2. Summary of the experimental capabilities of the CF surface analysis techniques 
utilised in this thesis. 
Technique Analysis size Chemical 
information 
Analysis depth 
SEM 10 nm Elemental Surface imaging 
AFM < 1 nm - Surface imaging 
XPS 150 – 1000 µm Elemental, 
functionality 
10 nm 
ATR FT-IR (Ge IRE) 2 mm Chemical functional 
groups 
~0.44 µm† 
Raman < 1 µm Carbon structure, 
Chemical functional 
groups 
~50-100 nm 
† Based band wavelength at 1720 cm-1 [84]. 
 
In the next sections of this chapter the materials, treatments and analysis 
methods utilised in this thesis are presented in chapter order.  Further specific 
details can also be found in the relevant chapters. 
 
 Nitric acid oxidation of carbon fibres (Chapter 3) 
The intermediate modulus (IM) fibres used in this study were PAN based 50K 
automotive grade Panex 35 carbon fibres supplied by Zoltek (Nyergesujfalu, 
Hungary).  The fibres had not been subjected to surface oxidative treatment and 
were size free. 
Prior to acid treatment the fibres were ultrasonicated in AR grade acetone (Ajax 
Finechem, Australia) for 10 minutes, filtered through a sintered glass filter and 
after a final rinse in fresh acetone dried at 80°C for 2 hours.  These fibres will be 
referred to as “untreated” fibres. 
Acid treatments were carried out by adding 5 mL of concentrated (68%) nitric 
acid (BDH, UK) to a 10 mL flask containing ~10 mg of untreated fibres.  The flask 
was heated in a salt bath at 100°C.  Samples were removed from the bath after 
the nominated time (30, 60, 120 and 180 minutes) and filtered under vacuum 
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using a sintered glass filter.  The isolated fibres were rinsed with de-ionised (DI) 
water until the pH was close to neutral.  The oxidised fibres were then dried at 
110°C for 2 hours. 
The untreated and the oxidised fibres were stored in solvent cleaned glass petri 
dishes to avoid potential contamination. The CFs were characterised using SEM 
(Section 2.1.1), XPS (Section 2.1.2), AFM (Section 2.1.3) and Raman spectroscopy 
(Section 2.2, and Chapter 3 Section 3.2.2). 
 
 Generation and characterisation of SERS active surfaces 
(Chapters 4, 5 and 6) 
There are several methods described in the literature for the production of 
silver (Ag) and gold (Au) colloids for SERS [154, 158, 159, 166].  Several approaches 
were trialled for the generation of metal nanomaterials for the inducement of 
SERS in this thesis.  These included silver colloids (Sections 2.5.1 to 2.5.3), 
electroless plating (Section 2.5.4) and sputter coating (Section 2.5.5). 
 
2.5.1 Silver colloid preparation 
The initial synthesis of SERS active Ag colloid (Sol 1) was carried out using the 
citrate reduction of silver nitrate as described by Lee and Meisel [53]. This reaction 
can be expressed as follows [68]. 
4Ag+ + C6H5O7Na3 + 2H2O → 4Ag0 + C6H5O7H3 + 3Na+ + H+ + O2↑. 
100 mL of ultrapure water was added to a 150 mL conical flask and heated to 
45°C in an oil bath. 18 mg silver nitrate (Merck, Darmstadt, Germany) was 
dissolved in a small volume of the heated water.  The silver nitrate solution was 
added to the remaining water with vigorous stirring (vortex reaching bottom of 
flask).  The temperature was turned up to ~112°C. When the solution reached 
100°C, 2 mL of 1% (m/v) trisodium citrate solution (Sigma-Aldrich, St Louis, USA) 
was added dropwise, but reasonably quickly to the solution.  After 5 minutes the 
solution turned a yellowish clear colour.  At this point the heat was reduced, but 
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the temperature was maintained at or above 95°C for 90 minutes while the 
solution stirred vigorously.  The final solution was a grey green colour and had a 
UV-Visible (UV-Vis) spectrophotometry maximum absorbance at 428 nm (refer to 
Section 2.5.2) which was in reasonable agreement with the 420 nm maximum 
absorption observed by Lee and Meisel for their greenish yellow coloured Ag sol 
[53]. DLS detected particles on the order of 77 and 11 nm (refer to Section 2.5.2). 
In comparing the particle sizes obtained for Sol 1 to those reported in the 
literature it was felt that the SERS activity would be improved if the majority of 
the particles were 50 nm or less in diameter.    
A second method for the preparation of silver nanoparticle colloid sol (Sol 2) 
was investigated based on a method used by Sileikaite et al. [68].  Ratyakshi and 
Chauhan report the synthesis of 10-20 nm Ag nanoparticles using this method 
[66].  This alternative method is similar to the first method but involved the 
addition of excess citrate (7 mL of 1%m/v trisodium citrate solution) and the 
solution was removed from the heat about 2 minutes after the addition of the 
citrate, and allowed to cool to room temperature with constant stirring.   The final 
solution was a similar colour to the initial sol prepared and had a slightly higher 
maximum absorbance (432 nm) in the UV-Vis spectrum (refer to Section 2.5.2).  
DLS measurements detected the presence of 3 particle sizes approximately 5, 36 
and 2000 nm (refer to Section 2.5.2).  The presence of the larger size suggests that 
some aggregation has occurred.   
 
2.5.2 Characterisation of silver colloids 
Effective SERS requires the production of nanoparticles of optimal size.  Work 
by Stamplecoskie and Scaiano [167] found that spherical Ag nanoparticles of 
about 50 nm gave the maximum SERS intensity under their experimental 
conditions.  Others report obtaining significant SERS enhancement, for example 
4x106 [168], from particles approximately 20 nm in diameter. 
A combination of techniques were employed to characterise the Ag colloid sols 
produced in this work, including UV-Vis spectrophotometry, Dynamic Light 
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scattering (DLS) and TEM.  As both UV-Vis spectrophotometry and DLS use 
correlations between analytical signal and a property of the sample to predict or 
determine the nanoparticle sizes in colloid solutions, the use of SEM or TEM 
imaging, which directly measure the image particle of interest, are the preferred 
techniques to ascertain the size of nanoparticle present in colloid solutions.  DLS 
and UV-Vis spectrophotometry are still utilised as rapid techniques to obtain an 
estimate of particle sizes during colloid production. 
While the size of the particle is extremely important to the effectiveness of the 
colloid for SERS enhancement, other factors can also affect the enhancement.  
Another indication of SERS activity by a colloid solution can be achieved by 
measuring its activity with a compound that has demonstrated a SERS effect.  One 
such compound is 4-aminobenzoic acid (PABA).  Effectively this technique 
compares the spectral intensity of the compound with and without the presence 
of the colloid and takes into account the actual number of sites present on the 
colloidal particles where the analyte can interact [168]. 
 
UV-Vis spectrophotometry 
UV-Vis spectrophotometry is widely used to monitor particle size in colloidal 
solutions [158, 169, 170].  This is due to the plasmon absorption that is exhibited 
by the metal nanoparticles (Ag or Au) [170].  The plasmon absorption maximum 
varies with size and shape of the nanoparticles as well as the method used to 
produce the particles [169, 171]. The maximum absorption for mono-disperse Ag 
nanoparticle colloid solutions of 10, 55 and 80 nm were found to be at 407, 427 
and 439 nm respectively [171]. However, the reported maximum absorptions and 
corresponding particle sizes seem to vary throughout the literature.  Ratyakshi 
reported a maximum  at  421 nm for Ag nanoparticles of 10-20 nm diameter 
produced by citrate reduction [172], while Tiwari and co-workers  found that 30 
nm diameter Ag particles also produced by citrate reduction gave a maximum 
absorption at 420 nm [173].  Silver nanoparticles of 20 nm diameter produced 
using the Creighton method [159] have been reported as having at maximum at  
385 nm  [168]. If the colloid solution is made up of spherical particles all of about 
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the same size then UV-Vis spectrophotometry can be used as an indication of 
particle size, but if the colloid is poly-disperse the observed maximum does not 
give an accurate indication of the particle sizes present because it does not 
provide separate peaks for the different size particles.  
A Cary 300 Bio UV-Visible spectrophotometer (Agilent Technologies, Santa 
Clara, USA) was used to measure the maximum absorbance of the colloids 
produced in this research. Quartz cells with a 1 cm path length were utilised for 
the sample and DI water reference. The colloidal sol was diluted 2 drops into 20 
drops of DI water (1:10 ratio). 
 
Dynamic Light Scattering 
DLS can also be used to monitor the size of particles in a colloidal solution.  
This technique is valid for mono-disperse solutions, however if particles of various 
sizes are present this technique will not provide accurate results.  This is because 
the light scattering from the larger particles is so intense that it can screen the 
scatter from smaller particles leading to results suggesting significantly fewer 
smaller particles or no smaller particles being present. 
 DLS was used to estimate the particle sizes present in the colloidal sols 
generated using a Zetasizer nano ZS (Malvern Instruments, Worcestershire, UK) 
with Zetasizer software version 6.32 (Malvern Instruments, Worcestershire, UK).  
The diluted sols (1:10 in DI water) were run in disposable cuvettes with 10 
measurements at a temperature of 25°C for 10 s. 
 
TEM 
Transmission Electron Microscopy (TEM) was used to obtain images of the Ag 
nanoparticles present in Sol 1,  from which the shapes and size of the particles 
could be determined.  A drop of colloidal sol (diluted 1:1) was placed onto a holey 
carbon support film-200 mesh copper grid (GYCu200, ProScitech, Kirwan, 
Australia). After 5 minutes the liquid was wicked off with a laboratory tissue, and 
the grid left to air dry overnight in a petri dish. A Joel JEM-2100 Transmission 
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Electron Microscope (Tokyo, Japan) with a Lanthanum Hexaboride electron source 
and equipped with a GATAN Orius SC100 camera (Pleasanton, USA) was used to 
image the particles in the Ag colloid over a range of magnifications from x50000 
to x80000.  The images were imported into MeasureIT software, version 5.0 
(Olympus Soft Imaging Solutions GmbH, Münster, Germany), to measure the 
particle sizes. 
 
SERS activity of colloidal silver 
SERS activity of the colloid solutions was measured using PABA (Sigma-Aldrich, 
St Louis, USA).  Solutions of equal volumes (5 μL) of 30 mg/mL PABA in ethanol 
and the sols, or in the case of the control, water, were made.  The solution to be 
analysed was then drawn into a capillary tube (5 μL) and analysed using the 514 
nm laser through a x50 objective, giving a laser power of 0.32 mW at the sample 
on the inVia Raman spectrometer (refer to Section 2.2.3).   
 
2.5.3 Application of silver colloids  
Carbon fibre samples 
Colloidal Ag was applied to PAN based 50K automotive grade, Panex 35 carbon 
fibres, supplied by Zoltek (Nyergesujfalu, Hungary) that were both sized and 
unsized. 
Two approaches were taken to apply the silver colloid to the CF samples.  The 
first was to add the sol dropwise onto individual fibres mounted on glass 
microscope slides using either a 5 μL capillary tube or a micropipette.  The capillary 
technique caused fibre breakage and thus was not employed further.  Using the 
micropipette, a drop of 0.5 µL could be applied to the CF.  A series of three spots 
where applied to each fibre.  The first had one drop of colloid, the second had two 
drops of colloid and the third had three drops of colloid. For sequential 
applications each drop was left to dry for about 30 minutes before applying the 
next drop.   
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The second approach was to dip/submerge the fibre samples into the colloid 
for a single 10 minute treatment or 2 sequential 5 minute treatments.  SERS 
experiments were undertaken within 24 hours of treatment of the CFs with the 
colloid.  The CFs were stored in glass petri dishes prior to analysis.  
 
2.5.4 Electroless plated silver for SERS  
Preparation of electroless plating reagent 
The application of Ag particles using electroless plating is based on the “silver 
mirror” or Tollen’s test.  This involves the reduction of Tollen’s reagent, an alkaline 
silver nitrate solution containing diamine silver (I) complex, to form metallic silver 
in the presence of an aldehyde (RCHO), in this case glucose [174].  The reaction is 
given as 
2 Ag(NH3)2+ + RCHO + H2O → 2 Ag0 + 4 NH3 + RCOOH + 2 H+. 
Typically the Ag forms as a thin coating on the inner glass surface of the 
reaction vessel, however, if carbon fibre samples were present in the glucose 
solution when the Tollen’s reagent was added it was expected that some of the 
silver would be deposited onto their surface as well. 
Tollen’s reagent was prepared by adding concentrated aqueous ammonia 
(Univar, Downers Grove, USA) to 50 mL of 0.1 M silver nitrate (Merck, Darmstadt, 
Germany).  Initially a brown precipitate formed (Ag2O). Addition of concentrated 
aqueous ammonia was continued until the solution went clear.  To the clear 
solution, 25 mL of 0.8M KOH (Univar,   Downers Grove, USA) was added, which 
caused the brown precipitate to reform.   More concentrated aqueous ammonia 
was added until the solution became clear again.  The preparation of Tollen’s 
reagent can be represented by the following sequence of chemical equations: 
AgNO3 + NH4OH → NH4NO3 + AgOH 
2 AgOH → Ag2O (s) + H2O 
Ag2O(s) + 2NH4OH → 2 [Ag(NH3)2]OH (soluble)+ 3H2O. 
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Carbon fibre samples for electroless plating 
The application of Ag nanoparticles by electroless plating was initially tested 
for SERS on both sized and unsized PAN based 50K automotive grade Panex 35 
carbon fibres supplied by Zoltek (Nyergesujfalu, Hungary). 
Additional electroless plating of Ag were performed on samples manufactured 
on the Carbon Nexus carbon fibre plant, as part of a commercial CF trial.  This PAN 
based CF (E=257 GPa) was manufactured using a precursor fibre 12K tow supplied 
by Jilin (Jilin Qifeng Chemical Fiber Co., Ltd, Jilin City, China).  The size applied was 
Hydrosize EP834.S-PL (Michelman, Singapore), an epoxy resin emulsion. By using 
in-house manufactured fibre, first-hand knowledge of the size used was available. 
Lack of this knowledge has been a major drawback of other similar studies which 
utilised commercial CF [126]. 
Three CF samples were collected from the Carbon Nexus CF line and stored in 
solvent cleaned glass petri dishes: 
1. CF surface treated but no size (air dried), 
2. CF surface treated + size, pre dryer (air dried), 
3. CF surface treated + size + 210°C dryer. 
 
Application of silver to carbon fibres by electroless plating 
To electroless plate the Panex 35 fibres, a small amount (0.04 g) of CF was 
added to 1 mL of 0.5 M glucose (BDH, Poole, UK) solution in a test tube.  The tube 
was gently stirred to ensure the CF was wet out.  Then 5 mL of Tollen’s reagent 
was added and the test tube shaken.  The solution quickly became dark and 
cloudy.  After approximately one minute the fibres were removed by filtering 
through a sintered glass filter and rinsed with DI water.  SEM was used to visualise 
the distribution of Ag along the treated CFs. 
Based on the SEM observations (refer to Chapter 5, Section 5.3.1) of the above 
electroless plated Panex CF samples, the technique was modified for use with the 
CF samples generated on the Carbon Nexus production line, with the aim of 
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generating more Ag particles on the CFs.  For these samples, 5 cm of tow (~0.04 
g) of CF was dispersed in 2 mL of the glucose solution. Then 10 mL of Tollen’s 
reagent was added dropwise whilst stirring the fibre-glucose solution.  The fibres 
were removed by filtration, as described above, after the solution turned dark and 
cloudy (3 minutes).  
 
2.5.5 Sputter coating 
Sputter coating provides for a non-aqueous method for noble metal 
nanoparticle deposition onto the CF surface. This approach may have advantages 
in providing a better control of the surface layer formed, with known thicknesses 
of high purity metal being applied.  The other advantage of this technique is that 
the application of the metal does not involve the use of any aqueous solutions.  
CF samples from the Carbon Nexus line, as described in Section 2.5.4 (above) 
were utilised in this investigation. The fibres were mounted on 25 mm diameter 
aluminium SEM stubs using adhesive carbon tape (ProSciTech, Kirwan, Australia) 
prior to sputter coating. Sputter coating was carried out with both Au and Ag. Au 
and Ag have both demonstrated  a SERS effect on carbon filaments [125], however 
the majority of researchers have utilised Ag to produce a SERS effect on carbon 
materials [54-56].  Whilst the literature suggested that the effect observed for Au 
was potentially not as intense as for Ag [125], Au was readily available and thus 
convenient to use for initial experiments.  
 
Application of gold by sputter coating 
Three different thickness of Au were coated onto the CF samples via DC 
magnetron sputtering produced by an EM ACE600 high vacuum film deposition 
coater (Leica Microsystems, Heerbrugg, Switzerland).  The gold target (Leica 
Microsystems, Heerbrugg, Switzerland) was 99.99% pure Au.   The details of the 
coatings applied are given in Table 2.3. A quartz thin film monitor was used to 
determine the film thickness. 
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Table 2.3.  Details of the Au coatings applied to the CF samples. 
Desired thickness  
(nm) 
Actual thickness (nm) Application rate (nm/s) 
1 1.5 0.19 
5 5.33 0.20 
10 10.30 0.21 
 
 
Application of silver by sputter coating 
Two different thickness of Ag were applied using a Cressington 208HR sputter 
coater (Cressington Scientific Instruments, Watford, UK).  Using this technique, Ag 
was deposited as a thin film using DC magnetron sputtering at room temperature 
and an argon (99.99% purity, Coregas, Thomastown, Australia) pressure of 0.02 
mBar.  Prior to deposition the chamber was evacuated to less than 0.05 mBar.  The 
silver target (Cressington Scientific Instruments, Watford, UK) was 99.99% pure 
Ag. The details of the coatings applied are presented in Table 2.4. 
 
Table 2.4. Details of the Ag coatings applied to the CF samples. 
Sample Thickness (nm) Application rate (nm/s) 
CF1, CF2 & CF3 5 0.18 
CF1, CF2 & CF3 1 0.12 
Size only 5 0.14 
Stub only 5 0.16 
 
 
2.5.6 SEM characterisation of coated carbon fibres 
SEM (refer to Section 2.1.1), was utilised in an attempt visualise the size and 
distribution of the silver and/or gold particles after the deposition on to the CFs. 
The SEM images of the fibres treated with colloidal Ag or via electroless plated 
where imported into MeasureIT version 5.0 (Olympus Soft Imaging Solutions 
GmbH, Münster, Germany) software to measure the diameter of a minimum of 
20 particles per fibre. The layers of sputter coated Au and Ag were undetectable 
in the secondary electron images, thus no information relating to the size or 
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distribution of the particles is given.  This result is not surprising as Au and Ag are 
often applied to SEM samples at thicknesses of 1-10 nm to abate charging without 
changing the sample appearance.  Typically a coating thickness greater than 100 
nm would be required in order to be detected in the SEM.  
 
2.5.7 Analysis of size samples 
Panex 35 carbon fibres 
Initial CF samples, Panex 35, were commercial samples, with no sample of the 
size applied during processing available for analysis.  Whilst this may not be ideal, 
FT-IR spectroscopy was able to identify the type of size present on the CFs.  The 
substantiveness of size on the Panex 35 CFs was also investigated. 
 
Substantiveness of size on Panex 35 carbon fibres 
The substantiveness of the size on the CF was assessed using a Perkin Elmer 
Frontier FT-IR spectrometer equipped with a MIRacle ATR accessory fitted with a 
Ge IRE.  Compared to the diamond IRE, the use of Ge IRE results in more surface 
sensitive spectra, thus enabling the detection of lower amounts of analyte. Two 
approaches were taken. The first approach takes advantage of the transfer of low 
molecular weight material from the surface of the CFs to the IRE while they are 
under high contact pressure (maximum force applied is >10,000 psi as per the 
MIRacle single reflection horizontal ATR installation and users guide). After 
collecting spectra from the CFs, the fibres were removed and the IRE was 
rescanned. The spectrum of any substance that had been transferred to the IRE 
was thus obtained.   
In the second approach, the substantiveness of the size was assessed by rinsing 
samples of the Panex 35 CFs in water at room temperature and using FT-IR 
spectroscopy to analyse the residue left after evaporation of the water. The 
isolation of low molecular weight size was performed using 2 mL of DI water for 5 
minutes, as per Table 2.5.  All glassware was rinsed with analytical grade 
dichloromethane (DCM) (Merck, Darmstadt, Germany) prior to use. Fibres were 
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gently agitated whilst in the water.  After 5 minutes the fibres were removed and 
the water left to evaporate over several days, covered with a low lint laboratory 
tissue paper to prevent contamination. After evaporation of the water 10 drops 
of DCM (~0.5 mL) were added to the beaker and swirled.  Two drops of this 
solution were then applied to the IRE and the infrared spectra of the residues left 
after solvent evaporation were obtained. 
 
Table 2.5. Experimental details for the isolation of size from the surface of Panex 35 CFs. 
Sample Fibre mass (g) Volume DI water 
(mL) 
Time in DI water 
(min) 
CF1 0.0184 2 5 
CF2 0.0175 2 5 
CF3 0.0165 2 5 
 
Carbon Nexus CF size - Hydrosize EP834.S-PL 
As noted above (Section 2.5.4), a benefit of using the CF samples produced at 
the Carbon Nexus facility for the SERS investigation was that a sample of the size 
applied was readily available. In an attempt to gain an understanding of the SERS 
results obtained, characterisation of the Hydrosize EP834.S-PL size was 
undertaken using Raman spectroscopy, TGA and FT-IR spectroscopy.  
 
Raman spectroscopy 
Initial Raman spectra were obtained from thick layers of Hydrosize EP834.S-PL, 
however it became apparent that the thickness of the size was an important factor 
when using Ag for SERS of both the size and the sized CFs.  Various thicknesses of 
Hydrosize EP834.S-PL, were applied to aluminium SEM stubs. Thicker layers were 
achieved by first evaporating the water from the Hydrosize at room temperature.  
Small amounts of the resulting “smearable solid”, which had a consistency similar 
to petroleum jelly, were then smeared onto the stub using a needle.  Thinner 
layers were achieved by diluting the Hydrosize with DI water (1:10) prior to 
application onto the SEM stub.  The thinnest layers were achieved by applying the 
diluted product (1:20) to the Al SEM stub using an air gun (Artlogic, London, UK). 
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Typically the Hydrosize is diluted 1 into 20 with warm water (30°C) for application 
to CF in industry.  Spectra were collected before and after Ag coating the size on 
the stubs.  Scoring of the stub surface prior to application of size enabled the 
relocation of same analysis spot after Ag coating.  Raman spectra were also 
obtained from an acetone cleaned SEM stub before and after 5nm Ag coating, 
with no size applied. 
Attempts to obtain Raman spectra from the samples of size at various stages 
of decomposition (refer to TGA analysis section below) were not successful.  Even 
at extremely low laser powers the spectral signal saturated giving no spectral 
information, indicating that the samples were highly fluorescing. Fluorescence 
backgrounds can be due to the sample itself but are often found to be caused by 
impurities or breakdown products within the sample [175]. Approaches to 
minimise this interference include photo bleaching and switching to longer 
excitation laser wavelengths, particularly into the near IR. The photo bleaching 
approach was not pursued as prolonged exposure to the laser often causes further 
decomposition to the sample under investigation. This in deed was found to be 
the case for the samples studied using SERS in this thesis (refer to Results sections 
in Chapter 4 and 5). Shifting to 788 nm excitation was also not investigated as 
while some degree of abatement of the sample’s fluorescence may be achieved 
there will also be significant loss in S/N as the Raman intensity is inversely 
proportional to the 4th power of the excitation wavelength (refer to equation 
2.12). Hardware-based fluorescence rejection methods are not available on the 
instrumentation utilised in this work [176].  It has been reported that utilising 
Raman spectroscopy to detect very thin films of epoxy resin on CF resulted in a 
fluorescence spectrum [68]. 
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TGA analysis 
A Q50 TGA instrument (TA Instruments, New Castle, USA) was used to study 
the thermal decomposition of the Hydrosize.  5.478 mg of size (water already 
evaporated from the product), was added to the TGA pan and heated from 
ambient to 800°C at a heating rate of 10°C/min under a continuous flux of air at 
60 mL/min. Based on the decomposition profile obtained from this initial TGA 
experiment, a set of Hydrosize samples were prepared and heated to different 
temperatures to obtain samples of size at various stages of decomposition. The 
Hydrosize was smeared on individual Al discs (4 mm) and as heated from ambient 
to final temperatures of 100, 260, 309, 357, 454, and 512°C at a heating rate of 
100°C/minute under a continuous flux of air in the TGA.   The samples were held 
at the final temperature for two minutes.  
The above experiment was initially carried out using diluted size to mimic a thin 
layer of size on a CF.  After the application of diluted size to the 4 mm Al discs, 
they were left to sit at room temperature for 48 hours to allow the evaporation of 
the water prior to heating in the TGA.  However after exposure to elevated 
temperatures no size or decomposition products of the size could be seen 
optically or detected spectroscopically on the Al discs. 
 
FT-IR spectroscopic analysis 
The samples of the Hydrosize at various stages of decomposition (refer to TGA 
analysis above) where analysed in situ on the Al disc using ATR FT-IR spectroscopy 
with a diamond IRE.  The use of the diamond IRE minimised the risk of damage to 
the IRE by the Al discs (Ge is softer and more readily damaged).   
 
  Electrochemical oxidation of CF (Chapter 7) 
2.6.1 Fibre treatment 
Jilin 24K PAN precursor (Jilin Qifeng Chemical Fiber Co., Ltd, Jilin City, China) 
fibre was converted to CF (E= 240 GPa) and surface treated using the Carbon 
Nexus single tow research facility (Institute of Frontier Materials, Deakin 
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University, Waurn Ponds, Australia). A schematic of the single tow line is given in 
Figure 2.12.  As described in Chapter 1, Section 1.2, the PAN precursor fibre 
initially passes through low temperature ovens in what is known as oxidative 
stabilisation. From here it passes through a low temperature pre-carbonisation 
furnace, followed by a higher temperature furnace to facilitate the carbonisation 
process. After carbonisation, the fibre undergoes a surface treatment, in this case, 
an electrochemical oxidation process using ammonium bicarbonate as the 
electrolyte. The final stage of processing typically involves the application of size 
to the fibres.  The fibres generated for this investigation by-passed the size bath 
to enable characterisation without the influence of the size.   
 
Figure 2.12: Schematic representation of the Carbon Nexus single tow line. 
 
The focus of this sample set was to generate a series of fibres that had 
undergone electrochemical surface treatment using different parameters.  The 
three main variables in the surface treatment process are: 
1) Conductivity (concentration of electrolyte) 
2) Current 
3) Voltage. 
Three conductivities were investigated, using 5 different currents that were 
achieved by varying the voltage between the anode roller and a graphitic cathode 
plate located under the tow as it passes through the electrolyte solution.  A 
schematic of the surface treatment bath is shown in Figure 2.13. 
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Figure 2.13: Schematic representation of the surface treatment bath. 
 
Ammonium bicarbonate was used as the electrolyte for all treatments.  The 
parameters of the surface oxidation treatments were chosen based on 
conversations with Mr. Steve Atkiss (former Carbon Nexus manager) to give a 
range of samples covering the standard conditions used in industry as well as 
extremes. A conductivity of 20 mS/cm is the standard operating conductivity of 
the single tow line, while the currents covered the range available, 2.5 to 11 A. 
The voltage was adjusted between 6.3 to 27.6 V to achieve the required current 
for each of the conditions.  
For the Control 1 sample the fibres were passed through the surface treatment 
bath with no current or voltage applied.  In the other control, Control 2, the fibres 
by-passed the surface bath and went from the final furnace directly into the post 
surface treatment ovens and onto the winder (refer to Figure 2.12). 
Current densities of the treatments were calculated using the surface area of 
the fibre exposed to the current during treatment. The current should be flowing 
through the solution thus the surface area of the fibres would be exposed to the 
current as opposed to the current running through the fibre (like it would if it was 
a wire). The exposed surface area of a single fibre was calculated based on an 
average fibre diameter of 7 μm and a treatment bath length of 1.3 m.  This was 
then multiplied by 24000 to account for the number of fibres in the tow.  This 
approach assumes that there is space around all fibres within the tow and that the 
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current is constant across the bath. Current density is often used in the literature 
when discussing electrochemical treatments applied to CF [92, 127, 177]. 
 
2.6.2 Fibre characterisation 
A set of fibres generated by the electrochemical oxidative surface treatments 
described above (Section 2.6.1) were characterised using SEM (Section 2.1.1), 
Raman spectroscopy (Section 2.2 and Chapter 7, Section 7.2.1), XPS (Section 2.1.2) 
and FT-IR spectroscopy (Section 2.1.4).   
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CHAPTER 3 
The heterogeneity of nitric acid oxidised carbon fibre as 
assessed by Raman spectroscopy1 
In this chapter, an investigation is carried out into the use of confocal Raman 
spectral mapping to assess the surface heterogeneity of a series of laboratory 
produced nitric acid oxidised carbon fibre samples. The samples were extensively 
characterised by SEM, XPS and AFM prior to spectral mapping. Due to the large 
size of the data sets, 141 Raman spectra, and observed spectral and signal to noise 
(S/N) variations, a robust approach to automated data reduction and map 
generation had to be developed.   
 
3.1 Introduction 
The CF surface has a significant impact on the final properties of CF reinforced 
composites. The interactions between the matrix polymer and the surface of the 
CF have been found to play a role in delamination, fracture propagation and poor 
interfacial shear strength [2, 69], all of which are major challenges that need to be 
overcome in the development of superior CF composites.  A thorough 
understanding of the heterogeneity of the CF surface is crucial for continued 
improvement in the properties of CF composite materials.  
Surface oxidation enables bonding between the fibre and sizing and/or matrix 
in composites by the introduction of hydroxyl (-OH), carbonyl (-C=O), and carboxyl 
(-COOH) functional groups [61, 78, 129], as well as by etching which modifies the 
surface topography of the CF [7, 22, 62]. While various surface treatments have 
been used in industry which all lead to changes in the functionality and 
topography of the fibre surface, very little is known about the true heterogeneity 
of the surface after these treatments.  Whilst oxidation by nitric acid is not 
                                                     
1 Chapter 3 is adapted from [178. Woodhead, A.L., M.L. de Souza, and J.S. Church, An 
investigation into the surface heterogeneity of nitric acid oxidized carbon fiber. Applied Surface 
Science, 2017. 401(Supplement C): p. 79-88. 
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commonly used in industry, it has been found that wet chemical oxidation using 
strong solutions of mineral acids such as nitric acid is a very effective method for 
the uniform surface modification of CF [120].   Also, as it is a method that can be 
easily applied and controlled within a laboratory environment on a range of 
sample sizes, it has been studied previously by other researchers [36, 62, 78, 85, 
93, 119, 179, 180].  Techniques, including XPS, SEM, AFM and Raman spectroscopy 
have all been used to gain an understanding of the CF structure and surface after 
nitric acid oxidation [13, 14, 18, 24, 36, 62, 71, 78, 93, 97, 101, 117].   All of these 
techniques, as utilised, provide valuable information, however, none on their own 
offer the combination of both chemical information and the high spatial resolution 
to investigate the surface heterogeneity at a single fibre level. Raman spectral 
mapping offers a method to gain chemical information at a sub-micron resolution 
from within a user defined area on a single CF.  This technique, combined with the 
information gained from the other approaches can give a thorough understanding 
of the heterogeneity of the CF surface. 
In one of the first studies, Brewis et al. used XPS to analyse the effect that 
refluxing  CF in nitric acid (60% w/w) for 3 hours had on the surface [78].  The 
increase in surface oxygen atoms observed was attributed to the formation of 
alcohols, ethers, esters and carboxyl groups on the fibre surface.  In another study, 
SEM has shown that nitric acid (68%) oxidation of  IM CFs at room temperature 
altered the surface topography of the fibre by etching the surface [62]. It was also 
noted that the number of surface particulates was reduced after a 90 minute 
treatment and treatment times in excess of 90 minutes were found to cause 
significant etching of the CF surface. Nohara et al. have found that treatment of  
IM CF in hot (103°C) nitric acid (97% (w/w)) for ten minutes produced similar 
changes [24], whereas Xu et al. concluded that one hour in hot (110°C) nitric acid 
(68%) did not significantly alter the appearance of the IM CF surface [71].  Clearly 
significant variations have been observed for similar CFs that have undergone very 
similar treatments. 
Vautard et al. used SEM, AFM and XPS to compare the effect of treatment time 
in boiling concentrated nitric acid on the CF surface [93].   For treatment times 
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over 45 minutes, SEM imaging revealed the disappearance of the striations 
inherent from the manufacturing process and nanoscale analysis by AFM revealed 
the creation of a grainy surface. XPS analysis detected the presence of hydroxyl, 
carboxyl and lactone groups not present in the untreated fibres.  
Raman spectroscopy has been used to assess changes to the carbon-carbon 
bonding of CFs brought about by nitric acid treatments [24, 36].  A typical analysis 
has involved the collection of data from one or more micron scale spots from the 
fibre surface.  This analysis approach, which does not result in uniformly spatially 
resolved information, will be referred to as “spot probe analysis” throughout this 
thesis.  Such analysis has suggested that a more ordered or graphitic structure is 
produced after 12 hours of oxidation  in hot (90°C) nitric acid (65%) [36].  They 
observed an increase in the disordered graphitic carbon (D) content relative to 
ordered graphitic carbon (G) content, as evident by changes in the D/G Raman 
band ratio (refer to Chapter 1, Section 1.4 for a more detailed discussion on CF 
Raman bands), as well as a reduction in the amorphous carbon [36].  Others have 
concluded that similar treatments have little or no effect on the CF structure and 
the D/G ratio [24]. 
One of the most extensive characterisation studies of oxidised CF utilises SEM, 
AFM, XPS and spot probe Raman spectroscopy to characterise the fibre surface 
[24].  Of the treatments investigated, the 10 minute nitric acid treatment, which 
resulted in a 1.4 fold increase in the number of functional groups detected, was 
found to increase etching and roughness on the fibre surface without any 
significant effects on the graphitic structure.  
Based on the literature reported above, even today there is a poor 
understanding of the effect of nitric acid oxidation and the evenness of treatments 
across the CF surface.  Some of inconsistencies in the results obtained could be 
due to the variation in starting materials used, as some work was carried out on 
sized CFs, which could also have been oxidised prior to the application of the size. 
Confocal Raman mapping has recently been used to compare the 
heterogeneity of polyacrylonitrile (PAN) based CF to that of pitch based CF [53].  
This technique enabled the collection of spatially related spectra at sub-micron 
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resolution across a defined area.  The information is typically obtained from the 
top 50 nm of the CF surface [114]  and thus gives valuable insight into the 
structural variation of the CF surface.  A detailed investigation of the 
heterogeneity as a function of surface treatment on a given CF type has not 
however been reported in the literature.  
The aim of this work is to assess the potential of confocal Raman spectral 
mapping to provide a detailed assessment of the heterogeneity of the treated CF 
surfaces.  A series of nitric acid oxidised CFs were prepared and characterised by 
SEM, AFM and XPS to confirm the addition of functional groups and evaluate any 
changes in surface topography and roughness as a function of treatment level.  
These results are compared to those in the literature.  Raman spectral maps were 
then collected and various approaches to automated data reduction and map 
generation were investigated.  The most robust method was used to assess the 
chemical variation between treatment levels as well as between areas on the 
same fibre and between fibres of the same treatment level.  
 
3.2  Materials and methods 
3.2.1  Nitric acid oxidation of carbon fibre 
CF samples were prepared over a series of treatment times (30-180 minutes) 
as outlined in Chapter 2, Section 2.4. 
 
3.2.2  Characterisation of oxidised carbon fibres 
Samples were characterised using SEM, AFM, XPS and Raman spectroscopy as 
outlined in Chapter 2, Sections 2.1.1-2.1.3 and 2.2. Data collection parameters 
specific to Raman analysis of the samples in this chapter are given below. 
Raman spectral maps of longitudinal areas were obtained using an inVia 
confocal microscope system (Renishaw, Gloucestershire, UK) equipped with a 
Streamline CCD camera. The excitation of 514 nm from an argon ion laser through 
a ×50 (0.75 NA) objective gave an incident laser power of 0.94 mW at the sample.  
The fibres were orientated parallel to the polarisation of the laser with the aid of 
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a rotating stage.  Raman spectral maps were collected in highly confocal mode 
over an area approximately 47 × 3 μm with 1.0 μm steps between data points, 
giving a total of 141 data points (Raman spectra) per map.  Each spectrum, 1015 
data points, was a single static accumulation with a 200 s exposure time over the 
range of approximately 645–1921 cm−1.  These optimised conditions resulted in 
data collection times of approximately 8 hours per map, however the spectra 
obtained had high spectral quality enabling the more subtle features to be readily 
observed.   
Spectral pre-processing involved the removal of cosmic rays and the 
application of a two point linear baseline correction between 700 and 1900 cm-1.  
The data presented in this study has not been smoothed. A smoothing function 
(smooth window=9, polynomial order=3) was trialled when testing the various 
deconvolution approaches, but no improvement was observed in the results.  All 
Raman maps were translated onto the same colour scale through the use of a 
Look-Up Table (LUT).   
Statistical analysis, using the built in one-way ANOVA and multi-compare 
function [181] in Matlab R2014b (MathWorks, Natick, USA),  was used to assess 
the AFM roughness values and XPS results.  The histogram analysis was also 
carried out using Matlab R2014b.  For the histograms, between three to nine maps 
were analysed per sample but the results from only three are shown in the figures 
for clarity. The use of such methods enabled a more subjective comparison of the 
results generated by the various techniques at the three treatment levels.  
 
3.3  Results 
Prior to undertaking extensive Raman mapping the CFs used in this study were 
assessed by a range of surface analysis techniques and the results were compared 
to those presented in the literature. 
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3.3.1  SEM 
As an initial assessment of the morphological effects of the nitric acid 
treatments, the CFs were examined using the SEM. Typical images from untreated 
and nitric acid treated fibres are shown as Figure 3.1. There is some material, 
possibly residual debris from the manufacturing process, on the surface and in the 
grooves of the untreated fibre (A) which is no longer visible in any of the treated 
fibres (B-E).  Whilst the nitric acid treatment appears to have had a “cleaning” 
effect on the surface of the fibres, there was no definitive increase in surface 
etching as a function of treatment level visible in the SEM images obtained from 
the treated fibres.  
 
 
Figure 3.1: SEM images obtained from A) untreated CF, and CF treated in nitric acid for B) 
30, C) 60, D) 120, and E) 180 minutes. 
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These results suggest that the physical effect of etching was minimal, even for 
the most severe treatment, which is consistent with the findings of Xu et al. [71] 
but in contrast to the findings of others [24, 62, 93]. Vautard et al. [93] observed 
a reduction in the appearance of striations on unsized CF surfaces with treatment 
times over 45 minutes.  Other researchers [24, 62] reported an increase in surface 
etching as observed by SEM.  As mentioned above, this discrepancy could possibly 
be attributed to the use of commercial CF that was potentially sized, by these 
researchers.  Solvent extraction or washing is common practice when commercial 
CFs are used in experiments, however complete removal of size is not readily 
achieved even when using solvents [19, 71].   
A typical CF surface presents with striations and grooves generated during the 
wet spinning of the PAN precursor fibre [22, 91].  The presence of even a very thin 
layer (1-3 nm) of size on a CF can give the surface a “smoother” appearance in the 
SEM than the same fibre without size (refer to Chapter 5 Figure 5.3).  Oxidative 
treatment may result in the removal of size, and thus potentially make these 
natural features of the CF more pronounced when compared to the unoxidised 
sample.  It is also highly likely that commercial CF samples would have undergone 
some surface treatment.  In contrast, the CF used for this research was unoxidised 
and unsized.   
 
3.3.2 AFM 
To further investigate the effect of the nitric acid treatments on the fibre 
surface, particularly at the nanometer level, AFM was utilised to measure surface 
roughness.  If the surface of the fibre is being oxidised or attacked one may expect 
a roughening, however a smoother surface might be produced if debris is being 
removed. 
The surface roughness of CFs has been shown to affect the fibre-resin bonding 
in composite materials [104].  Thus, many researchers have reported surface 
roughness values after various treatments [22, 24, 93, 103].  Roughness is most 
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often calculated over a relatively large area that also includes longitudinal 
striations typically found on CFs (refer to Figure 3.1 A). Nohara et al. used 3 x 3 µm 
images to obtain surface roughness values for hot nitric acid treated CFs [24] while 
Servinis et al. used a smaller imaging area, 1 x 1 µm, to obtain roughness values 
for untreated and azomethine 1,3-dipolar cycloaddition treated fibres [103].  
Based on the images presented, both results appear to include some features 
attributed to striations. Vautard et al. approached surface roughness in terms of 
depth or amplitude of surface features across a 1 x 1 μm image [93]. They used 
surface profiles perpendicular to the fibre axis to measure the depth of striations, 
and along the fibre axis to measure the amplitude of secondary surface structures.  
They found that after a 45 minute acid treatment the secondary structure was 
significantly different, with the creation of a grainy surface, with grain sizes less 
than 10 nm.    
In this study, 1.5 x 1.5 μm images (at least three images from three different 
fibres per treatment) were used to calculate Rrms values, as shown in Figure 3.2A. 
All of the values were over 20 nm. Statistical analysis of the mean values at the 
95% confidence level suggests there are no significant differences in these 
roughness values. The 60 and 180 minute treated samples however both show 
increases in their standard deviations compared to the untreated control. The 
values reported for the untreated sample are consistent with values reported for 
the same fibre type by Servinis et al. [103].  The roughness values obtained for the 
60 and 180 minute nitric acid treatments are not dissimilar to those obtained by 
Nohara et al. after a 10 minute treatment in hot,  concentrated nitric acid [24]. 
This result suggests that the values are likely heavily biased by the presence of the 
longitudinal striations which may become deeper if material is being eroded away. 
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Figure 3.2: Root mean square roughness (Rrms) and standard deviations for untreated, 60 
and 180 minute nitric acid treated CFs based on: A) 1.5 x 1.5 µm images; and B) 100 x 400 
nm sub-areas of the 1.5 x 1.5 μm images.  
 
In order to measure the true surface roughness several (5) 100 x 400 nm areas 
were analysed within the 1.5 x 1.5 μm images. This approach avoided the 
striations and thus resulted in significantly reduced roughness values, which are 
of the order of 3 nm. The average Rrms values shown in Figure 3.2 B and the 
associated standard deviation appear to be similar for the three samples, which is 
in agreement with the SEM observations, however statistical analysis suggests 
that the mean value for the 180 minute acid treated sample is statistically 
different to those of the other two samples and that the treatment in hot nitric 
acid for 180 minutes increased the surface smoothness. This finding suggests no 
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significant etching of the CF surface is occurring during the nitric acid treatment. 
Nohara et al. reported an increased roughness after a 10 minute treatment in hot 
nitric acid, however their initial fibre was sized [24].  The presence of size would 
likely create a smoother surface and during acid treatment the removal of size 
may be exposing a potentially rougher CF surface. The values reported by Nohara 
et al. were also obtained from images that included striations. 
 
3.3.3  XPS 
To investigate the chemical effect of the nitric acid treatment process, the 
samples were analysed by XPS.  The major elements found on the CF surfaces 
were, as expected, carbon (C), oxygen (O) and nitrogen (N), accounting for over 
99.5% of the surface composition. Trace amounts of sodium, chlorine, sulphur, 
silicon, zinc, copper and calcium, likely picked up during the manufacturing 
process, were detected in varying amounts. The silicon may be residual from the 
decomposition of the silicone spin finish applied to the PAN precursor fibres 
during manufacturing.  The atomic percentages of C, O and N detected on the CF 
surfaces are given in Table 3.1 along with the O and N ratios relative to C. The 
standard deviations are given in brackets.  The amount of oxygen on the CF surface 
is seen to increase linearly with oxidative treatment time.  
 
Table 3.1.  XPS determined average C, O and N content of untreated and nitric acid treated 
carbon fibres (standard deviations in parentheses). 
Treatment 
time (min) 
Atomic% Atomic ratio 
C O N O/C N/C 
0 93.65 
(0.29) 
4.38 
(0.15) 
1.57 
(0.20) 
0.047 
(0.002) 
0.017 
(0.002) 
30 89.97 
(0.07) 
7.77 
(0.05) 
1.82 
(0.10) 
0.086 
(0.001) 
0.020 
(0.001) 
60 89.22 
(0.07) 
8.71 
(0.24) 
1.77 
(0.02) 
0.098 
(0.003) 
0.020 
(0.000) 
120 82.04 
(0.44) 
15.33 
(0.31) 
2.13 
(0.10) 
0.187 
(0.005) 
0.026 
(0.001) 
180 78.79 
(0.30) 
18.61 
(0.33) 
2.30 
(0.16) 
0.236 
(0.005) 
0.029 
(0.002) 
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The area normalised high resolution spectra of the C1s peak of the untreated 
and treated CFs are shown in Figure 3.3 A.   A decrease in the amount of carbon-
carbon bonding (~285 eV) and a corresponding increase in carbon-oxygen species 
is observed with increasing treatment time.  The most pronounced change, a 
distinct increase in intensity of a peak at ~288.25 eV for the 120 and 180 minute 
treated samples, is consistent with the presence of carboxylic groups [78, 93, 129].  
A more subtle change is the reduction in the graphitic carbon tail at high binding 
energies (~290-292 eV).  This decrease in the tail, attributed to a plasmon loss 
feature, is consistent with the functionalisation of the CF surface during the nitric 
acid treatments.  
 
 
Figure 3.3: Area normalised high resolution spectra: A) C1s spectra of untreated and nitric 
acid treated CFs and B) N1s spectra for untreated and 180 minute treated CFs (scaled 
based on the increase in N from the survey scans). 
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The presence of nitrogen in the untreated CF sample is attributed to residual 
nitrogen from the precursor fibre that has not been removed during the 
carbonisation process [18]. The relative amount of the nitrogen detected (Table 
3.1) is reasonably constant for the untreated, 30 and 60 minute nitric acid treated 
fibres with no statistical differences found at the 95% confidence limits. The fibres 
treated for 120 and 180 minutes show an increase in the overall nitrogen content. 
These values were found to be statistically different to the others, suggesting a 
slight increase in the relative amount of nitrogen detected at the longer treatment 
times.  
 Figure 3.3 B shows the area normalised high resolution spectra of the N1s peak 
for untreated and 180 minute treated fibres. The spectrum obtained from the 
untreated CF has one main asymmetric peak. The main N1s peak in the 400-401 
eV range is attributed to a combination of structures including graphitic N, pyrrole, 
pyridine, and N-quaternary groups [100].  A shoulder is observed at 398.5 eV 
which is typically attributed to pyridine type structures. When the area normalised 
N1s peaks are scaled to reflect the increase in atomic nitrogen found for the 180 
minute treated sample it appears that there is a decrease in the 400-401 eV band 
component which is off-set by a gain in shoulder observed at ~398.5 eV. The 
appearance of a peak at ~405.6 eV in the treated samples is attributed to the 
presence of oxidised nitrogen (NOX) species. Researchers have found that nitric 
acid can modify the surface of carbon nanotubes by the creation of physisorbed 
and/or chemisorbed NOx species on the surface [182]. 
 
3.3.4 Raman spectroscopy 
Raman spectroscopy and in particular Raman spectral mapping was used to 
further investigate the effect of the different nitric acid treatment times on CF as 
well as the surface heterogeneity of the fibres produced. The two main features 
in a typical CF Raman spectrum are the so called disordered graphitic (D) and 
ordered graphitic (G) bands as shown in Figure 3.4 A; however a more thorough 
analysis of the spectra typically involves deconvolution into multiple peaks as 
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shown in Figure 3.4 B. The frequencies and descriptions of five commonly 
identified components, D, G, amorphous (A), impurities (I) and disordered 
graphitic surface planes (D′) are given in Table 3.2. In the spectra obtained from 
some of the acid treated fibres an additional band component (O) was observed 
which can likely be associated with the presence of oxidised species. This 
deconvolution approach would be expected to improve the accuracy of the overall 
results, as well as enable the construction of maps based on the various 
component peak parameters (frequency, intensity, width, % Gaussian and area) 
and their ratios.   
 
Figure 3.4:  Typical Raman spectra from: A) untreated (blue), 60 min treated (black) and 
180 min treated (red) CF, and B) deconvolution of a spectrum obtained from 180 min 
treated CF (raw data- black, sum- red). 
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Table 3.2.  Assignment of Raman spectral features for nitric acid treated carbon fibres. 
Frequency 
(cm-1) 
Band 
designation 
Description/Assignment Effect of nitric acid 
treatments 
1150 I Impurity ions [38] or C-C and C=C 
stretching of polyene like structures 
[183, 184] or disordered graphitic 
lattice [185] 
Reduces after 
HNO3 treatment 
1360 D Defects/disorder, breathing mode 
of the graphite plane (A1g 
symmetry) [38, 114, 186] 
Appears to reduce 
in width with acid 
oxidation† 
1500 A Amorphous carbon [38, 183, 184] Reduces after 
HNO3 treatment 
1580 G G band, in-plane bond stretching 
motion of pairs of sp2 hybridised 
carbon atoms (E2g symmetry) [38, 
114, 186] 
Shift to higher 
frequency with 
acid oxidation. 
Appears to reduce 
in width with acid 
oxidation† 
 
1620 D′ Disordered graphitic lattice 
vibration from surface graphene 
layers (E2g symmetry) [42, 44] 
Appears to reduce 
in width with acid 
oxidation† 
1750 O Carbonyl (C=O) stretching band in a 
lactone type structure [110, 187] 
Observed with 
acid oxidation 
† This observation is most likely due to the reduction in amorphous carbon rather than 
an actual change in the true band width. 
 
As pointed out by Beyssac et al. [188], the choice of various fitting parameters 
can impact the derived band information. The initial approach undertaken in this 
study was to apply a fit based on the five component model proposed by several 
researchers [36, 38, 189] using the frequencies given in Table 3.2. This fit, based 
on the I, D, A, G and D′ peaks, was applied to a small subset of ten spectra 
extracted from maps of untreated CF, 60 and 180 minute nitric acid treated CF.  It 
was found that an additional peak at ~1750 cm-1 in the spectra from the acid 
treated CF needed to be considered in the model to achieve a viable fit. When this 
model was extended to an entire set of map spectra (141), the reproducibility of 
the fit was found to be quite variable. Even though the data has all undergone the 
same pre-processing, it was found that very minor discrepancies could result in 
very different deconvolution results. The root cause of this problem is that only 
the D and G bands are clearly defined in the spectra.  
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In an attempt to improve the reproducibility of the peak fitting, numerous 
constrained models were explored using a subset of spectra extracted from the 
maps obtained the untreated CF and 180 minute nitric acid treated CF. It was 
found that a given peak in the model often worked in conjunction with at least 
one other peak and thus attempts to constrain some peak parameters often lead 
to other peaks adopting unrealistic parameters.  Such parameters include 
excessive peak width broadness which often has significant impact on the 
intensities of neighbouring peaks and the shifting of peak positions to the 
constraint limits. The D′ band is not present in pure graphite but generally 
presents as a shoulder on the high frequency side of the G band in CF spectra. 
Whilst many researchers have found it very difficult, if not impossible to separate 
it from the G band, the D′ band is always present when the D band is observed 
[188]. Distinguishing G and D′ bands becomes increasingly difficult for disordered 
solids and a single G band is often positioned between the typical G and D′ band 
frequencies [38]. The deconvolution models trialled were unable to clearly define 
realistic separate G and D′ peaks for the spectra within the map data sets so a 
single combination band was employed.  
Further, it was found that amorphous carbon (A), with an expected band 
frequency ~1500 cm-1, also contributes to the width and possibly the intensity of 
the combined GD′ band if not constrained. As the feature attributed to amorphous 
carbon is not observed as a defined peak in the Raman spectra, the position and 
width of the derived peak was found to vary greatly. The I band was observed as 
a very weak shoulder on the high frequency side of the D band. The low intensity 
and broadness of this feature also proved troublesome in terms of reproducibility 
of fit. This band was typically fit as a weak, broad feature that on occasion became 
so broad that it impacted on the fit of not only the D band but all the bands.  The 
curve fit parameters and their constraints as defined in Table 3.3 were found to 
provide the best results and were applied to map data sets over a spectral range 
of 700-1900 cm-1.  
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Table 3.3. Deconvolution parameters found to provide the best results when applied to 
the map data sets. 
Peak % Gaussian Constraints 
I Mixed Float centre between 1100-1275 cm-1 
D Mixed None 
A 100 Float centre between 1510-1530 cm-1 
G (including D′) Mixed None 
O Mixed Float intensity between 0-0.5 
 
Examples of other approaches taken to fit the data are given in Table 3.4.  The 
models tested a variety of variables. All peak fits were performed over the range 
700-1900 cm-1 except where noted with #,† and * indicating ranges of  645-1921 
cm-1, 1000-1700 cm-1, 800-1800 cm-1 were used.  The use of G in the body of Table 
3.4 identifies models where the peak type was forced to 100% Gaussian rather 
than the Gaussian/Lorentzian fit used for the others. The majority of models 
allowed the band centre, width and intensity to “float” (F) or be unconstrained, 
however attempts to improve fits by constraining the peak centre position were 
tested, and are identified in the Table 3.4 as CC1 1100-1275 cm-1, CC2 1590-1600 
cm-1, CC3 1510-1530 cm-1, CC4 1700-1800 cm-1, CC5 1594-1599 cm-1.  Constraining 
the peak intensity between 0 and 0.5 is denoted by CI. 
 
Table 3.4. Additional peak fit models (M), deconvolution parameters and constraints, 
tested for the nitric acid treated map data. 
Peak M1# M2 M3# or † M4# M5 M6* M7* M8 
I - CC1 CC1 CC1 F CC1 CC1 CC1 
D F F F F F F F F 
A F F F F F CC3 CC3 G CC3 G 
G  F F F F CC2 F F CC5 
D′ - F - F F - - - 
O - - - CH CH CC4 CC4 CC4 CI 
 
Whilst the deconvolution model (refer to Table 3.3) could be applied to map 
data sets to give consistent fits, the convergence of the model was influenced by 
the constraints imposed, especially for the A band, which was often bound by the 
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upper wavenumber constraint used.  The removal and/or modification of the 
constraints led to unrealistic fits as discussed above.  
The use of spectral deconvolution to analyse single spectra from carbon based 
materials has been reported in the literature [36, 38, 188, 189], however, its 
application to area maps has not. It was found that while fitting individual spectra 
appears to be straight forward, the simultaneous application of a deconvolution 
model to 100s of spectra is quite difficult. In light of the issues with the 
deconvolution of the spectra, the intensity at point approach was adopted to 
analyse the data within the maps.  
The intensity at point approach utilises the intensity value at frequencies 
associated with the main features of interest, in this case, 1358, 1598 and 
1492 cm-1 for the D, G and A components of the spectra. The use of D/G ratios has 
been used as an indication of the crystalline order within carbon materials [114, 
190]. Whilst the G band in these spectra is actually a combination of the G and the 
D′ peaks and thus the frequency used is higher than that typically reported for the 
G band, it is assumed that the D′ component is not having any significant effect on 
the band intensity. The D/G ratios, based on peak intensity, calculated from data 
from single untreated, 60 and 180 minute treated fibres all fell within the range 
of 0.8795 – 0.9983 with mean values of 0.9225, 0.9374 and 0.9322, respectively.  
In general these results are consistent with work by Melantis et al. [44] and 
Nohara et al. [24] who found through spot probes that the D/G ratios of less 
crystalline and low modulus CFs were not affected by surface oxidation 
treatments.  
An increase in the value relative to the untreated D/G value would have 
indicated an increase in defects present and might be expected if the oxidation 
was modifying the graphitic structure producing more disordered structure on the 
fibre surface.  A decrease in the value relative to the control value would suggest 
an increase in graphitic structure on the surface. Whilst there was no significant 
difference in the overall values it was noted that the D/G values for the treated 
samples covered a slightly broader range. Other researchers have reported 
variation in the D/G ratio after treatment with acid [36, 191]. Cao et al. reported 
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an increase in the D/G ratio after treatment of T300 CF, a standard modulus CF, 
with nitric acid suggesting decomposition of the graphite microstructure [36].  
Zhang et al. found an overall increase in the D/G ratio after treatment of CF paper 
with a sulfuric acid/nitric acid combined solution [191]. 
While the D/G ratios were found to show very little variation over the different 
treatment levels, a distinct reduction in the valley between the D and G features, 
typically attributed to amorphous carbon was observed in the spectra with 
increasing treatment time.  The intensity ratio of the G band to the valley observed 
at 1492 cm-1 (indicative of amorphous carbon, A) was used as another indicator of 
the degree of surface modification.  Using the G/A ratio, the false colour maps 
shown in Figure 3.5 were generated. These maps, which were translated to the 
same colour scale or LUT, enable the visualisation of the heterogeneity of the 
amorphous content across the CF surface. 
 
 
Figure 3.5: False colour maps based on the G/A values of A) the180 minute treated CF, B) 
the 60 minute treated CF and C) the untreated CF.   
 
False colour maps give an indication of distribution of values across the fibre 
surface. However when several maps are placed into the same LUT, the range of 
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variation within a particular map can become washed out as evident from Figure 
3.5. While the overall differences (indicative of mean values) between these maps 
are clear, the disperse nature of the map coloration make their distributions 
difficult to compare. The representation of the data in the form of histograms is 
useful to compare the mean values and distributions of the data from various 
maps. Figure 3.6 shows histograms of the G/A values calculated from spectral 
maps on three areas from a single fibre of each of the three treatments. Clearly 
the G/A ratio values increase (indicating decreasing amorphous surface content) 
with treatment time suggesting that the more aggressive treatments are removing 
this material. Amorphous regions of a material are more prone to chemical attack 
than crystalline regions.   The spread of overall values from the maps appears to 
be  narrower for the untreated sample, suggesting a more homogeneous surface.  
 
 
Figure 3.6: Histograms of the G/A values calculated from spectral maps obtained from 
three areas (red, green and blue bars) of a single fibre of each of the three treatments.   
 
As mentioned above, the D/G ratios obtained from the same data all fell within 
a relatively narrow range and in contrast to the G/A ratios, had very similar means. 
The similarity in D/G ratios for the three treatments is made clear from the 
histogram plots shown in Figure 3.7.  
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Figure 3.7: Histograms of the D/G values calculated from spectral maps obtained from 
three areas (red, green and blue bars) of a single fibre of each of the three treatments.   
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From the range and distribution of G/A and D/G values from different maps 
obtained from the same fibres within any given treatment, an indication of 
homogeneity along the individual fibre can be obtained.  From the histograms 
shown as Figure 3.6 and Figure 3.7, the area to area variation in treatment on a 
single fibre can be seen to be quite small. Further maps were collected from 
different fibres from the same treatments to investigate the fibre to fibre 
variations that might be occurring. When the investigation was extended to more 
areas on more fibres, as shown in  
Figure 3.8, it became evident that the range of G/A values for the 180 minute 
treated fibres was exceptionally broad suggesting that the treatment on these 
fibres was quite uneven. 
It has been reported by Nohara et al. that the treatment of CF tow in nitric acid 
produced very uneven treatments due to the acid attacking the fibres on the outer 
region of the tow in preference to those fibres in the core of the tow due to poor 
diffusion of the acid into the tow centre [24].  In this work, by treating CFs as loose 
fibre snippets the uneven oxidation of fibres due to tow thickness was avoided; 
however there still appears to be variation in chemical structure across the fibres 
produced by the 180 minute treatment. 
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Figure 3.8: Histograms of the G/A values calculated from spectral maps on multiple fibres 
of each of the three treatments. The red, green and blue bars represent different areas of 
each treated fibre. 
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3.3.5 Raman signal intensity and optical observations 
During the collection of the Raman spectral maps it was observed that within a 
map area on the 180 minute nitric acid treated fibres, the intensity of the Raman 
signal could vary quite markedly (Figure 3.9). It was also noted that the detector 
counts increased by a factor of ~4.5, as an apparent result of the treatment (refer 
to scale bars in Figure 3.10). 
 
Figure 3.9: An example of the intensity differences observed between Raman spectra from 
the same map area on a 180 minute nitric acid treated fibre. 
 
Upon careful optical examination, the 180 minute nitric acid treated fibres 
appeared to have light and dark areas along their lengths (Figure 3.10 A).  This was 
not evident on the untreated carbon fibre samples (Figure 3.10 C). Similar light 
and dark regions were also visible in the 60 minute treated samples, but were not 
as pronounced.   
There appeared to be an interesting link between the optical appearance of the 
180 minute treated fibre (i.e. dark or light) and the Raman signal obtained.  The 
areas where the fibre appeared darker usually resulted in spectra of significantly 
higher intensity than the lighter areas. Figure 3.10 B shows the image of the 180 
minute treated CF overlaid with a map based on the intensity of the G band. It is 
apparent that where the fibre appears optically darker, the map is “bright red” 
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(higher counts) and where it is lighter the map is darker in colour (lower counts). 
The range of intensity values for the G band (counts) varies from approximately 
99000 to 34000. This represents a nearly 3-fold increase in the localised regions 
corresponding to the dark areas of the optical image. In contrast, the range of G 
band counts observed for the untreated CF (Figure 3.10 D) varies only by a factor 
of ~1.8, approximately 22100 to 12500, and is very disperse. This corresponds to 
an effective difference of 53% in range between the treated and untreated CFs. 
Whilst the maps shown in Figure 3.10 are based on the intensity of the G band, 
the intensity differences are consistent across the entire spectral region collected, 
so D/G and G/A ratios at any given point in the map area can be compared without 
being influenced by this phenomenon.   
 
 
Figure 3.10: Optical image (A) obtained from a 180 minute nitric acid treated CF showing 
dark and light areas and with G band intensity map overlay (B). Optical image (C) and G 
band map overlay (D) obtained for the untreated CF. 
 
3.4 Discussion 
The nitric acid treated CF samples were characterised using a variety of 
techniques. Both SEM and AFM were found to be useful for investigating the 
topography of individual fibres at high spatial resolution.  Whilst there was no 
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indication of etching or significant change in the topography of the CF surface 
there was a change in the “cleanness” and surface roughness, particularly at high 
treatment levels. SEM imaging showed that following 60 minutes of treatment 
debris was removed from the CF surface.  AFM roughness measurements revealed 
that the 180 minute treated surface was smoother while the relatively large 
standard deviations calculated for the Rrms values of 100 x 400 nm areas suggested 
that the surface of the CF both before and after nitric acid treatment was not 
homogeneous.   
XPS analysis of the nitric acid treated CF samples revealed that the surface has 
been chemically modified systematically, as expected for increasing treatment 
levels. In contrast to the SEM and AFM analysis, the chemical information 
obtained from the XPS is representative of a mass of fibres and thus the true 
heterogeneity of the surface treatment on an individual fibre cannot be assessed 
using this technique.  Confocal Raman mapping, however provided chemical 
information resolved at the micron level.   
The effect of nitric acid treatment level on these Raman bands are presented 
in the last column of Table 3.2. In addition to the G, D and A bands typically 
observed in the Raman spectra of CF, bands denoted as I, D’ and O were also 
detected. In terms of the Raman spectra, the cleaning/etching effect could induce 
changes in the spectrum if the etching removes surface amorphous carbon and/or 
weakly bound graphene surface sheets thus exposing a slightly different structure. 
Melantis et al. [44] found D/G ratio and G band sharpness differences indicative 
of a more crystalline or ordered skin and less ordered core when comparing 
spectra obtained from the surface and cross-section of high modulus (HM) CF 
produced using high graphitisation temperatures. In contrast,  for IM CF that had 
not undergone graphitisation at these elevated temperatures, no such differences 
were observed, suggesting a more uniform radial structure [44].  
Further, in the same study it was found that standard commercial surface 
treatment of the HM CF resulted in an increased D/G ratio, suggesting the 
exposure of the less crystalline core by the removal of the weak surface boundary 
graphite layers [44, 63].  Given the CF used in this study is IM type, a dramatic 
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change in the surface due to nitric acid oxidation and etching would not be 
expected.  The most pronounced difference observed in the Raman spectra 
obtained from fibres treated in hot nitric acid in this study (refer to Figure 3.4 A 
and Table 3.2) was the removal of amorphous carbon, which manifests as a 
decrease in the “valley” between the D and G bands.   
The XPS results suggested an increase in surface functionality with increased 
treatment time by the presence of COOH, C=O and NOx functionality.  This is 
consistent with work by other researchers [78, 93, 129, 182].  Raman spectroscopy 
is a technique based on electron cloud polarisability and is typically very sensitive 
to changes in the backbone structure of molecules, thus the direct detection of 
these functional groups on the CF surface may only be possible for vibrations with 
strong Raman scattering cross-sections.  While the C=O group has a weak Raman 
scattering cross-section, there are two electron pairs forming the CO double bond 
and the stretch could induce small changes in polarizability, thus resulting in a 
moderate Raman intensity of the C=O stretch.  The appearance of a weak feature 
at 1750 cm-1 does suggest the formation of oxidised species and in particular, 
lactone-like structures [110, 187].  The detection of these cyclic esters is in 
contrast to the carboxylic acid groups that are dominant in the XPS results.  Sellitti 
et al. however observed the presence of lactone functionality on the surface of 
graphitised rayon-based CFs after oxidation [87]. The lactone functionality could 
possibly be a residual from the cellulosic structure of the parent white fibre used 
in their study. 
NOx species can often be easily detected in the Raman effect due to the strong 
scattering cross-section of their symmetric stretching vibrations [192].  For 
example, the strongest band in the Raman spectrum of nitrobenzene is observed 
at 1345 cm-1 and is assigned to the a1 NO2 symmetric stretch [193].  Adsorbed NOx 
species have been observed on the surface of Pt doped γ-Al2O3 after exposure to 
NO2 [194].  Sharp peaks near 1048, 1306, 1618 and 1640 cm-1 were attributed to 
free nitrate ions, while a peak at 1306 cm-1 was assigned to symmetric stretching 
vibrations of the nitrite ion or a nitro species. No features that can be assigned to 
NOx vibrational modes are observed in the map data. These detection differences 
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may be due to differences in the relative surface sensitivities of the Raman and 
XPS techniques (refer to Chapter 2, Section 2.3). 
It is possible that the functionalisation of the CF surface can be indirectly 
detected through the disruption of the C=C bonds as reflected by changes in the 
D and G band intensities (D/G values) and peak widths, as well as an increase in 
the D′ feature. If the G and D′ features are unable to be separated, as is the case 
in this study, then the G band position would be expected to shift towards 
1620 cm-1 with increased functionalisation.  Whilst no significant changes were 
observed in the D and G band intensities, there was a slight shift (~6 cm-1) to higher 
frequency of the G band after 180 minute acid treatment suggesting an increase 
in disordered graphitic structure associated with the surface graphitic sheets.  The 
observed sharpening of the D and combined GD′ bands (refer to Figure 3.4 A and 
Table 3.2) may suggest a more ordered or graphitic structure after oxidation [36], 
however it is more likely due to the reduction in the amorphous carbon 
component, which was found to contribute to the width of adjacent bands in 
deconvolution trials.   
The I or impurity band (~1180 cm-1) has been assigned to various features 
including impurity ions, as well as C-C and C=C stretching of polyene-like structures 
[38, 183-185].  This might be expected to decrease if these structures are cleaved 
and removed from the surface with acid treatment. As indicated in Table 3.2, a 
decrease in this weak spectral feature was observed with increasing acid 
treatment, the decrease being most evident after the 180 minute treatment. 
A final interesting finding from the mapping data was the correlation of 
optically observed light and dark appearing region with significant variations in 
spectral intensity.  An overall increase in the Raman counts with increased 
treatment level was also observed.  This was most obvious for the 180 minute 
nitric acid treated fibres but also observed for those treated for 60 minutes.  The 
origin of these marked variations is not clear but they appear to be related to fibre 
surface treatment.  The spectra from the light and dark areas appeared to be the 
same, with the exception of overall intensity suggesting that the molecular 
structure in the light and dark areas on the CF are likely to be very similar.  
 
 
106 
 
Considering the Raman signal originates from within the top 50 nm and the 
uniform radial distribution expected for nitric acid oxidised IM CFs [44], this 
variation is unlikely to be due to the removal of outer layers of loosely packed 
graphitic sheets (0.3345 nm inter-planar spacing [88]) from the fibre surface.  
Raman spectroscopy has been shown to be very sensitive to surface 
topography.  In surface studies of polyamide parts produced by selective laser 
sintering, several research groups have shown strong correlations between 
Raman scattering intensity and surface roughness as measured on the µm scale 
by both optical and mechanical profilometry [195, 196].  Higher Raman counts 
were obtained from samples with higher surface roughness. A similar correlation 
was found with surface area [195, 196]. This is consistent with the decrease in 
roughness and open porosity that follows the sintering process of the powder 
particles forming the sample bulk. While profilometry measurements flattened off 
with increased sintering, due to technique sensitivity, it was found that the Raman 
signal continued to decrease in a linear manner suggesting that Raman scattering 
is more sensitive towards small scale surface asperity [196].  
The possibility that the marked localised variation in counts observed within 
the map obtained from the 180 minute nitric acid treated fibres may be associated 
with increased surface roughness is supported by what appears optically to be 
striations in the regions showing  the highest counts (refer to Figure 3.10 A and B).  
While  on the nanometer scale it was found that surface roughness decreased with 
treatment (Figure 3.2 B), on the macro-scale (Figure 3.2 A), which is more in line 
with the spatial resolution of the Raman maps, the roughness and its spread is 
seen to increase. 
 
3.5 Conclusion 
A physically and chemically consistent set of nitric acid treated CFs samples 
were prepared. The results of the analysis of these samples by SEM, XPS, AFM and 
Raman spectroscopy  were consistent with the removal of amorphous material 
from the fibre surface, along with the introduction of moieties that include C=O 
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and NOx functionalities. The largest effect was observed for the highest level of 
treatment. 
For the first time, confocal Raman mapping was utilised to explore the chemical 
effect of these treatments. Spectra were collected from 47 x 3 μm areas on single 
CFs at a spatial resolution of 1 μm.  Variabilities in the spectra comprising the map 
data sets as well as the high levels of band component overlap typical of CFs made 
it impossible to use a deconvolution approach in data reduction. While 
deconvolution may have yielded more accurate as well as more specific analysis 
results, valuable information was none the less obtained through an intensity at 
point approach.  
The ability to detect changes in the surface structure, especially the removal of 
amorphous carbon, at micron scale spatial resolution provided an insight into the 
heterogeneity of the CF surface as affected by the nitric acid treatments.  The 
broadest range of G/A values were obtained from the maps of fibres exposed to 
the highest treatment level suggesting that this treatment does not result in a 
uniform fibre surface. These fibres displayed increased heterogeneity both along 
individual fibres as well as between fibres from the same treatment.  The surface 
sensitivity of the Raman mapping technique is evident from the correlation of 
optically observed light and dark regions, particularly on highly treated CFs, with 
map areas of varying overall spectral intensity.  Further, there is potential to 
correlate observed spectral variations at this level to fibre physical properties such 
as nano-indentation hardness (unpublished results). 
The use of Raman spectral maps enables the effects of surface treatment on CF 
to be investigated at a spatial resolution unattainable by XPS.  Whilst the SEM and 
AFM can provide high spatial resolution information about the physical surface 
features, they are not able to be viewed in terms of chemical structure.  While 
confocal Raman map data collection can be very time consuming and often 
tedious, it can provide valuable information that can lead to an enhanced 
understanding of the heterogeneity of the CF surface.  As the CF surface plays a 
critical role in composite performance this knowledge is crucial for the 
development of superior CF composite materials. In the next three chapters of 
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this thesis, Chapters 4, 5 and 6, SERS is investigated as a means to increase the 
surface sensitivity of the Raman technique as applied to the analysis of carbon 
fibres. 
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CHAPTER 4 
Aqueous approaches to SERS on carbon fibre, PART 1: silver 
colloids 
In this chapter, the generation of silver (Ag) nanoparticles, via citrate reduction 
of silver nitrate to produce silver colloids or sols, is investigated for use as SERS 
agents on CF, specifically with the view to detect size on the CF surface. Silver 
colloids were prepared and extensively characterised with the results compared 
to others reported in the literature.  SEM was used to determine the distribution 
of the Ag along the CFs.  Finally, the potential use of these treatments to enhance 
the spectrum of the sizing agent to the point that it is detectable on the CF surface 
was investigated. 
 
4.1 Introduction 
It has been recognised that the performance of CF reinforced composites is 
influenced by the CF surface [2, 63, 69, 91, 197, 198].  Whilst the effects of surface 
treatment can be assessed by methods such as XPS and then correlated to 
composite performance [12], the analysis of size on the CF surface and its 
potential role in the interface between fibre and resin is more challenging to 
investigate.   
The application of the size typically occurs as the final stage of the CF 
manufacturing process.  After passing through the aqueous emulsion size bath, 
the tow passes through an oven to drive off the water prior to winding onto 
spools.  The size acts as a lubricant to improve handle and further processing.  As 
discussed in Chapter 1, Section 1.2, the size is also thought to interact with the 
composite resin to form an interphase zone. 
Companies such as Boeing are very interested in the ability to detect size on 
the CF surface with a view to understanding its distribution and uniformity along 
the fibre surface and whether it can be correlated to fracturing, delamination at 
the fibre-epoxy interface or other modes of failure.  A typical layer of size is 
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estimated to be 30-100 nm thick [68]. This makes detection extremely challenging.  
Infrared spectroscopy can provide a spectrum of the size on its own that provides 
a significant amount of information about the chemical nature of the size, 
however, the ability to analyse the size in situ on the fibre surface is extremely 
challenging due to the high absorption by the CF itself.  XPS has been used to 
deduce the presence and/or absence of size based on the elemental composition 
of the sample surface analysed [21, 66, 102], however the sample analysis 
requires a bundle of CFs due to the analysis spot size, and thus no distribution of 
size at a fibre level can be determined.  
The utilisation of microscope based Raman spectroscopy enables analysis of 
single fibres, with a sub-micron laser spot size (refer to Chapter 2, Section 2.2.5).  
The size layer is usually too thin to be detected by conventional Raman 
spectroscopy; however the incorporation of a SERS active substance onto the fibre 
that interacts with the size layer may enable the size to be detected.  SERS has 
been used to enhance the spectra obtained from CF surfaces, however to date 
there is only one reported example of SERS detecting spectral features 
attributable to size on a CF [126].  As mentioned in Chapter 1, Section 1.4.4, these 
researchers postulate that several spectral features observed in the Ag coated CF 
are attributable to the presence of size,  however no spectra of the size used on 
this commercial fibre is provided for comparison or validation.  
Further, while the authors site a number of approaches for the  generation of  
SERS activity for the analysis of thin film, including Baibarac et al. who utilised  
rough Au and Ag supports [199], Roy et al.  who utilised magnetron sputter coating 
[200], and Zhou et al. who used electroless plating based on the Tollens reaction 
[201], none of these references are related to the use of SERS with CF.  Xu and Lu 
do not clearly define the method they themselves utilised to develop SERS activity 
on the CF surface [126].  If a SERS technique can be developed and validated that 
successfully detects the presence of size on the CF surface, there is potential to 
couple this technique with Raman spectral mapping that would enable the 
investigation of the distribution of size along individual CFs at a spatial resolution 
not achievable by any other technique. 
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In this chapter, the preparation and application of colloidal Ag nanoparticles 
for SERS on CF have been investigated, with the aim of detecting the very thin 
layer of size on the CF.  The particle size of the Ag was characterised using multiple 
techniques to gauge the possible enhancement affects.  The distribution of 
nanoparticles on the CF surface and their applicability for the analysis of size on 
the CF surface are evaluated. 
 
4.2 Materials and methods 
The methodology for the generation of metal nanoparticles for SERS can be 
found in Chapter 2, Section 2.5.  The materials and treatments used are as 
described in Chapter 2, Sections 2.5.2 and 2.5.3 for the colloidal Ag approach. This 
method resulted in the generation of two Ag colloid sols, Sol 1 and Sol 2, where 
the latter was generated using an excess of citrate.  Characterisation of the 
nanoparticles was undertaken using TEM, SEM, UV-Vis spectrophotometry and 
DLS as described in Chapter 2, Sections 2.5.1 and 2.5.6. Raman spectroscopic data 
collection details are presented in the following section. 
 
4.2.1 Raman conditions  
All spectra were extended scans (100-3200 cm-1) collected on the Renishaw 
inVia Raman microscope using a x50 objective in normal (non-confocal) mode 
using the standard CCD detector and the 514 nm argon ion laser line.  As discussed 
in Chapter 2, Section 2.2.4, the use of a confocal mode would have the potential 
to be more sensitive to surface species as the analysis volume is limited to a depth 
of 2 µm.  This improvement in transverse spatial resolution however generally 
comes at a cost as the associated reduction in Raman signal generated from the 
sample requires a significant increase in data collection times in order  to achieve 
acceptable signal to noise. In the case of SERS, operation in the confocal mode is 
not required as the laser beam is focussed onto metal particles/surfaces, the 
penetration would be limited to the surface active analyte.  Any small 
improvement in the lateral spatial resolution that may be achieved through 
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confocal aperaturing however is more than negated by the increased data 
collection times required which are not ideal for thermally sensitive samples let 
alone spectral mapping.  
The exposure time was 10 s unless otherwise stated and the number of scans 
co-added varied based on the S/N obtained from a single scan and the stability of 
the sample.  During all spectral acquisitions, specific attention was given to note 
any sample decomposition or un-planned movement, particularly in the case of 
single fibre work (see Chapter 2, Section 2.2.3).  Many of the results presented in 
this chapter are sequential, single scans obtained from the same spot on a sample 
that displayed instability during data collection. 
For SERS on CFs that were treated (refer to Chapter 2, Section 2.5.3) by the 
drop method, spectra were collected using a laser power of 0.45 mW.  The laser 
power was reduced to 0.06 mW for SERS on CF treated by the dip method, to 
ensure the laser power was below the 0.30 mW maximum that Xu and Lu [126] 
suggested should not be exceeded to avoid decomposition of size on CF.  Any 
variations to these conditions are noted in the corresponding results sections. 
For the SERS activity investigation, each spectrum was the result of the co-
addition of 5 scans.  The resulting spectra (refer to Figure 4.2), have had a two 
point baseline correction (400-1800 cm-1) applied.  No other post processing was 
applied.  
A sample of citrate was analysed on a microscope slide.  The citrate spectrum 
was the result of 4 co-added scans collected using a laser power of 0.45 mW. 
A sample of Sol 1 was dried on a microscope slide (no CF present). Spectra were 
obtained from the residue left by the dried sol as well as particles observed within 
the residue using a 0.06 mW laser power.  Single and co-added scans were 
undertaken on the same spot on both the dried sol and particles to demonstrate 
the change in spectra with extended laser exposure.  
The spectra of the sizing agent, Hydrosize EP834.S-PL, obtained after the 
evaporation of water from the product was a result of single scan at a laser power 
of 3.5 mW. 
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4.3 Results  
4.3.1 Characterisation of silver colloids  
Particle size analysis 
A number of techniques, as described in Chapter 2, were used to investigate 
the Ag particles within the sols that were produced.   The maximum absorbance 
in the UV-vis spectrum was recorded for each sol. Sol 1 was a grey green colour 
and had a maximum absorbance at 428 nm which was similar to the 420 nm 
maximum absorption observed by Lee and Meisel  for their greenish yellow 
coloured Ag sol [158].  The colour of Sol 2 was similar to Sol 1, but had a slightly 
higher maximum absorbance (432 nm) in the UV-vis spectrum.  As discussed in 
the Chapter 2, Section 2.5.2, the interpretation of UV-Vis spectra for anything but 
monodisperse particulate suspensions is fraught with uncertainty.  The shift to 
higher wavelength of the peak maximum of Sol 2 however could suggest the 
presence of larger particles within its distribution compared to Sol 1 [171]. 
DLS measurements suggested that Sol 1 was made up of particles of two 
different sizes, approximately 11 and 77 nm with a distribution of approximately 
10 and 90% respectively, whereas three particle sizes were detected in Sol 2 
approximately 5, 36 and 2000 nm with a distribution of approximately 19, 77 and 
4% respectively.  The presence of the larger size particles, consistent with the 
proposed UV-Vis spectrophotometry interpretation above, suggests that some 
aggregation has occurred.  As indicated in Chapter 2, Section 2.5.2, these 
aggregates can screen the scatter from smaller particles leading to significantly 
fewer smaller particles being detected. 
TEM was used to further investigate the shape and size of the Ag nanoparticles 
present in Sol 1.  Figure 4.1 shows images typical of some of the particles present 
in the colloidal suspension.  The particles varied in shape from small spheres to 
rods as well as clusters of several particles.  The sizes of the spherical particles 
observed ranged from approximately 12-92 nm, with potentially more particles at 
the larger end of the range.  This is in good agreement with the DLS results.  
Clusters with diameters of the order of 275 nm were also observed.  
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Figure 4.1: TEM images of different particles isolated from the Ag sol, Sol 1. 
 
SERS activity 
SERS activity was investigated by comparing spectral intensities obtained for 
PABA in solution (30 mg/mL) with and without the presence of the Ag colloid.  The 
activity of Sol 1 was calculated to be approximately 9 x 104 using  the methodology 
outlined in Suh’s research (refer to Chapter 2, Section 2.5.2) [168].  Figure 4.2 A 
depicts the enhancement observed for the PABA solution with the two different 
colloids.   The top trace (green) is the spectrum obtained from PABA + Sol 2, the 
middle trace (red) is the spectrum from PABA + Sol 1 and the bottom trace (blue) 
is the spectrum from the PABA solution at the same dilution as when the colloid 
was present.  The aromatic ring stretching vibration observed at 1606 cm-1 was 
used to assess the SERS activity. Clearly both sols provide SERS enhancements.  
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The major difference observed between the PABA-Sol spectra is the increased 
background fluorescence in the spectrum from Sol 2. Suh et al. observed an 
increase in background fluorescence with increasing PABA concentration.  
Normalisation of the spectra (refer to Figure 4.2 B) suggests that there are extra 
spectral features observed in the PABA-Sol 2 spectrum as indicated by the marked 
frequencies.  
Closer examination suggests that some of these features, those at 1395, 1412 
and 1636 cm-1, may in fact be present in the PABA-Sol 1 spectra as very weak 
shoulders.  The shoulder at 1333 cm-1 and the peak at 1570 cm-1 are not observed 
in PABA + Sol 1 spectrum. Sol 2 was prepared using an excess of citrate whereas 
Sol 1 was prepared using equimolar nitrate and citrate, which may account for the 
intensity differences observed between the sol spectra.    
A comparison of the PABA-sol spectra generated in this work to those shown 
by Suh et al. [168] is presented as Table 4.1 along with tentative vibrational 
assignments.  The structure of PABA is shown as Figure 4.3.  The PABA spectra 
obtained using the sols prepared in this work are largely consistent with those 
observed by Suh et al. [168], with differences likely to be due to the use of ethanol 
as the solvent in this work.  As evident from Figure 4.2 A and Table 4.1 the SERS 
spectra obtained from PABA is much richer than that of PABA in solution.  Suh et 
al. attributed much of these additional features to the enhancement of weak 
PABA modes [168].  It should be noted that Suh et al. used an alkaline (pH 10) 
PABA solution, whereas the PABA in this work was made up in ethanol and diluted 
with water (refer Chapter 2, Section 2.5.1). 
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Figure 4.2: Raman spectra obtained from 30 mg/mL PABA solutions: A) with Ag sol (red 
and green traces) and without Ag sol (blue) and B) normalised spectra with Ag sol. In both 
figures the green traces were obtained using the colloidal particles produced using excess 
citrate (Sol 2) while the red traces represent the results obtained with near equimolar 
silver nitrate: citrate levels (Sol 1). The spectra in panel B have been offset to aide 
visualisation. 
From comparison, the only significant differences between the PABA spectra 
obtained using the sols prepared in this work and those reported by Suh et al. 
[168] are the intensities of the features near 1372, 1378 and 1570 cm-1.  In the 
spectra obtained by Suh et al., these features appear as weak shoulders while in 
this work, the 1372 and 1378 cm-1 features are major spectral features.  The 
1570 cm-1 feature, which is only evident in the PABA + Sol 2 spectrum, is a more 
defined peak than the shoulder detected by Suh et al.  It should be noted that Suh 
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et al. used borohydride reduced Ag colloids as opposed to the citrate reduced Ag 
colloids used in this work.  
 
 
Figure 4.3: Structure of PABA in solution. 
 
Table 4.1.  Comparison of the PABA-sol spectra generated in this work to those shown by 
Suh et al. [168].  
PABA +Ag 
colloid 
[168] 
PABA + Sol 1 PABA + Sol 2 PABA solution  
(ethanol-
water) 
Assignments 
from [168] 
(unless 
otherwise 
noted) 
1630 (w) 1630 (vw) 1630 (w)  δ(NH2) 
1598 (s) 1607 (s) 1602 (s, br) 1607 (s) ν(C-C)8a  
1575 (w, sh)  1570 (m) 1573 (w) νas(COO-) 
1515 (s) 1515 (m) 1515 (m)  ν(C-C)19a  
   1483 (w)  
1452 (s) 1454 (m) 1448 (s) 1455 (s) ν(C-C)19b  
 1414 (vw, sh) 1412 (w)   
1397 (m) 1395 (vw, sh) 1395 (w, sh)  νs(COO-) 
1383 (w, sh) 1378 (s)   νs(COO-) 
1372 (vw, sh)  1372 (s)  νs(COO-) 
  1333 (vw, sh)   
1302 (w)   1312 (w)  
 1275 (vw, br) 1261 (m, br) 1276 (m) δ(C-H)18a coupled 
with 19a
[202] 
1214 (m) 1253 (w) 1247 (vw, sh)   
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1172 (m) 1178 (m) 1180 (m) 1176 (m) ν(C-H)9a 
1139 (m) 1143 (m) 1143 (m)  τ(NH2) 
 1087 (w) 1089 (vw) 1088 (s) ν(C-C), νas(C-C-
O) in 
ethanol[203] 
 1046 (w) 1047 (vw) 1047 (s) δ(C-H)18a coupled 
with 19a
[202], ν(C-
C)[203] 
  1013 (w)  δ(C-H)[202] 
929 (w)     
862 (w) 880 (m) 880 (w) 880 (s) γ(C-H)[202], 
νs(C-C-O) in 
ethanol [204] 
834 (vw, sh) 854 (m) 855 (w) 845 (s) δ(C-H)[202], 
δ(COO-)[202] 
Intensity: s=strong, m=medium, w=weak, vw=very weak, sh=shoulder, br=broad. 
Modes: ν=stretch, δ=in plane bend, γ=out of plane bend, τ=torsion, s=symmetric, as=anti-
symmetric. For benzene ring modes, the Wilson numbering [205] is shown as subscripts 
after the general description of the mode. 
 
 
The generation of Ag by the citrate reduction has been investigated by several 
researchers [206, 207].   Munro et al. monitored the change in the colloidal sol 
during the 90 minutes colloid formation time using both Raman spectroscopy and 
Nuclear Magnetic Resonance (NMR) spectroscopy.  Using an approach based on 
the Lee and Meisel methodology to generate citrate reduced Ag colloids, they 
found that after 60 minutes very little citrate was observed in the solution using 
NMR [158].   The reduction of silver nitrate using citrate produces citric acid, and 
if near equimolar amounts of silver nitrate and citrate are present (as per Lee and 
Meisel’s method, and used in Sol 1), it would be expected that by the end of the 
90 minutes that the citrate will converted to citric acid.    
Munro et al. also found free acetoacetic acid present in the colloid solutions 
after 60 minutes using NMR.  This is explained by the thermal decomposition of 
citric acid to acetondicarboxylic acid, which is unstable at temperatures above 
95oC (see Chapter 2, Section 2.5.2) and spontaneously decarboxylates to produce 
acetoacetic acid.  However the citrate, acetonedicarboxylic acid and acetoacetic 
acid were all found to exhibit SERS spectra when added to borohydride colloid, 
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suggesting adsorption onto the Ag particle surface.   Further, their results found 
that a citrate layer was formed on the colloid surface that consisted of at least two 
surface species.  Their results indicate that two of the carboxylates are bound to 
the colloid surface (1400 and 1370 cm-1) and one remains unbound (1412 cm-1) as 
shown in the proposed model in Figure 4.4 [207]. 
 
Figure 4.4: Proposed model of the citrate interaction and orientation at the Ag colloid 
surface (adapted from [207]). 
 
Kerker et al. also investigated the nature of the citrate on Ag nanoparticles.  
They concluded that the citrate was chemisorbed and that the frequencies 
observed for the COO- features were consistent with metal-carboxylate 
coordination.  They proposed that features observed at 1624 and 1345 cm-1 may 
be assigned to COO- stretching (asymmetric and symmetric) of a silver-carboxylate 
bond that bridges Ag atoms from two different particles [206]. 
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Figure 4.5: The solid state Raman spectrum obtained from tri-sodium citrate. 
 
To assist with further discussions throughout this chapter, Table 4.2 compares 
the major Raman assignments for sodium citrate in solid and aqueous form from 
the literature to that observed in the solid state Raman spectrum obtained from 
the tri-sodium citrate used in this work, which is shown as Figure 4.5.  The 
associated oxidation and decomposition products, including citric acid, 
acetonedicarboxylic acid and acetoacetic acid from the literature, as are 
summarised in Table 4.3.  The chemical structures of these compounds are shown 
in Figure 4.6. 
 
Table 4.2. Comparison of tri-sodium citrate Raman spectral features and their tentative 
assignments 
Tri-sodium 
citrate 
(solid)  
[208] 
Tri-sodium 
citrate 
(aqueous) 
[207] 
SERS Sodium 
citrate 
(aqueous, 
aggregated 
sol)  
[207] 
Tri-sodium 
citrate 
(solid)* 
Assignments 
   3070 (w) ν(OH)[209] 
   2966 (s) νas(CH2) ip[209, 210] 
   2925 (vs) νs(CH2) ip[209, 210] 
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   2918 (vs) νs(CH2) op[209, 210] 
1604 (w)   1604 (w) νas(COO-)[208]    
1585 (w), 
1573 (w) 
1575 (w)  1571 (m) νas(COO-)[207, 208] 
1440 (s)   1443 (m) νs(COO-)[208]    
1431 (m)   1428 (s) νs(COO-)[208]    
1406 (w) 1417 (s)  1415 (w, sh) 
1402 (m) 
δ(CH2)[208],νs(COO-)[207] 
1391 (w)  1390 (s) 1389 (m) δ(CH2)[208], νs(COO-)[207]  
1308 (w) 1300 (w)  1304 (w)  
1290 (w)   1288 (w) δ(CH2)[208] 
1272 (w) 1267 (vw)  1269 (w) δ(C-O-H)[208], δ(COO-)[207] 
 1212 (vw)   δ(COO-)[207] 
   1193 (m)  
1156 (w) 1146 (vw)  1155 (w) δ(C-O-H)[208] 
   1122 (w)  
1082 (w) 1095 (m) 1085 (w) 1082 (m) ν(C-O)[208] 
1064 (w) 1057 (w)  1064 (m) νs(C-O)[207, 208] 
  1024 (m)  ν(C-O)[207] 
943 (s) 956 (s) 955 (m) 955 (s) νs(C-C)[208], ν(C-COO)[207] 
  933 (m) 942 (m) ν(C-COO-)[207] 
 912 (w) 903 (w) 898 (w) ν(C-COO)[207]  
839 (s) 843 839 (w) 844 (s) δ(COO-)[208]   
Intensity: vs=very strong, s=strong, m=medium, w=weak, vw=very weak, sh=shoulder, 
br=broad. 
Modes: ν=stretch, δ=in plane bend, γ=out of plane bend, τ=torsion, s=symmetric and 
as=anti-symmetric, op=out of phase, ip=in phase. 
* Denotes work presented in this thesis. 
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Table 4.3. Raman spectral features and tentative assignments for tri-sodium citrate 
oxidation and decomposition products from the literature. 
Citric acid 
(solid) 
[211] 
Citric acid# 
(solid) 
[209] 
Citric Acid 
pH 7.5 
(aqueous) 
[209] 
SERS acetone 
dicarboxylic 
acid 
(aqueous, 
aggregated 
sol) 
[207] 
SERS 
acetoacetic 
acid# 
(aqueous, 
aggregated 
sol) 
[207] 
Assignments 
 2975    νas(CH2) ip [209, 
210] 
 2950    νs(CH2) ip [209, 
210] 
 2934    νs(CH2) op[209, 
210]  
1732 (m) 1736    ν(C=O)[144]  
   1708 (m)   
1691 (s) 1693    ν(C-O)[209]  
1633 (w)   1618 (s) 1648 νas(COO-)[206] 
   1588 (s) 1576 νas(COO-)[206] 
   1551 (s)  νas(COO-)[209, 
212] 
    1517  
1465 (w)    1442  
1434 (m)     γ(COO-)[209] 
1426 (w, 
sh) 
1425 (m)  1410 (m, sh)  νs(COO-)[207] 
1390 (m) 1389  1388 (s) 1400 νs(COO-) [207] 
   1360 (m, sh)  νs(COO-) [207] 
1345 (w) 1350 (w)   1337 νs(COO-)[206] 
  1296 (vw) 1302 (m)  δ(CH2)[207] 
  1260 (vw)  1265 δ(COO-) [207] 
1211 (m) 1205 (s) 1211 (w) 1221 (m)  δ(COO-)[207] 
1170 (w)   1167 (m) 1190  
1145 (w) 1141    νas(C-C-O) 
alcohol[206] 
   1104 (m)   
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1082 (m) 1080 (s) 1092 (w)  1085 ν(C-O)[208] 
1053 (m) 1053 1042 (w)   ν(C-O)[207] 
   980 (w)   
942 (s) 943 954 (s) 958 (w) 935 ν(C-COO)[207] 
   933 (m)   
903 (m) 900 (m)  900 (w)  ν(C-COO)[207] 
881 (w)      
  840 (s) 824 (vw)  νs(CCCC-O)[207] 
784 (vs) 786 805 (w)  812 νs(CCCC-O)[206] 
Intensity: vs=very strong, s=strong, m=medium, w=weak, vw=very weak, sh=shoulder, 
br=broad. 
Modes: ν=stretch, δ=in plane bend, γ=out of plane bend, τ=torsion, s=symmetric, as=anti-
symmetric, op=out of phase, ip=in phase. 
# Sparse or no indication of intensities given. 
 
 
 
Figure 4.6: Structures of the oxidation and decomposition products generated during the 
preparation of citrate reduced Ag Sols. 
 
Based on the findings of Munro et al. [207] and Kerker et al. [206] (refer to 
Tables 4.2 and 4.3) the observance of spectral features at approximately 1370 and 
1412 cm-1 in the PABA-sol, especially Sol 2, suggests the citrate COO- may be 
interacting with the Ag in the sols.  The band observed at ~1570 cm-1 in the PABA-
sol2 spectra generated in this work may be due to COO- from acetonedicarboxylic 
acid and/or acetoacetic acid (refer to Table 4.3), the former most likely to be 
adsorbed onto the Ag surface, but the latter could be present in both the solution 
and adsorbed on the Ag [207].  The increase in background fluorescence coupled 
with the broadening of many spectral features between 1100-1700 cm-1 suggests 
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there are overlapping spectral features, makes conclusive interpretation of the 
spectra difficult, however, the spectra do appear to be rich in COO- functionality. 
The SERS activity of Sol 2 was not calculated due to the increased background 
fluorescence.  At most, the enhancement appears to be increased over that 
observed for Sol 1 by a factor of 2 or 3, not orders of magnitude, and thus not 
expected to significantly improve the SERS obtained.  Based on the DLS results it 
is likely that the SERS activity of this colloid would be at least as good as for Sol 1 
but with the additional problem of a highly fluorescent background.  For this 
reason only the colloid prepared using the Lee and Meisel method [158], Sol 1, 
was used in this research.  
In the next sections of this chapter the interactions of the Ag colloids with CFs 
are investigated with the ultimate goal of using this approach to generate SERS 
active surfaces for Raman spectral mapping.  Given the complexity of the SERS 
spectra obtained from PABA, an investigation into the spectrum obtained from 
the dried sol, the state in which it will be present when applied to CFs, was 
required to enable an understanding of the SERS spectra obtained from CF.  
 
Analysis of dried silver colloid 
The spectra obtained from the sols with PABA showed that the solutions were 
complex mixtures of features attributable to both PABA and other molecules 
present in the sol from its synthesis.  Munro and Kerker postulated that some of 
the carboxylate groups in a given molecule (i.e. citrate, acetonedicarboxylic acid 
and acetoacetic acid) may be bound to the surface of the Ag particles, whereas 
others do not interact with the Ag (refer to Figure 4.4) [206, 207].  Some 
carboxylate containing molecules are also likely to be free in the solution and not 
interacting with the Ag.  
The use of Ag colloids to induce SERS on the surface of CF involves the wetting 
of the CF surface with the sol.  As the sol is dry when the spectra are collected, the 
various chemical species present could potentially concentrate onto the fibre 
surface.  This scenario could produce SERS spectra that are dominated by 
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components from the sol, e.g. citrate, citric acid and its decomposition and/or 
oxidation products, thus the spectral analysis of the dried sol was required.  The 
analysis of a drop of Ag sol (Sol 1) that was allowed to dry on a microscope slide 
without a CF present was used to determine spectral features that are likely to be 
attributable to the Ag Sol in the SERS spectra obtained from CFs.  The stability of 
the colloid to the laser conditions was also investigated.   
Evaporation of water from the colloid left a visible residual film on the 
microscope slide.   Particulates were evident in the dried sol film when examined 
under an optical microscope.  As diffraction limits the resolution of optical 
microscopy to approximately 0.2 μm (200 nm) it is unlikely that the observed 
particles were Ag nanoparticles however they may be aggregates.  Three spectra 
obtained from a single spot on the dried film (no particle present) as a function of 
laser exposure are shown in Figure 4.7.  It was found that after one scan (~69 s 
exposure) the spectrum was quite weak and reasonably featureless.  After a 
second scan (~138 s exposure) more features were observed.  The spectrum 
obtained after eight scans (~9 min) on the same spot showed significantly more 
features.  The increased baseline in the 1100-1700 cm-1 range is interesting to note 
as there is no CF present in this sample, yet the spectra, after extended laser 
exposure, have broad features centred at 1360 and 1590 cm-1, which are in the 
regions where the CF’s D and G bands may be observed.  An increase in baseline 
fluorescence was also observed in the PABA + sol spectra, and noted by Suh et al. 
[168].  These broad features have been observed in SERS spectra on Ag surfaces 
previously, and were attributed to the presence of a carbon or a carbonate layer 
on the Ag [213-215]. 
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Figure 4.7: Repeated Raman data collection from the same spot of Sol 1 dried on 
microscope slide (no CF): after 1 scan (blue), after 3 scans (red), and after 8 scans (black) 
on the same spot. The dashed lines are positioned at approximately 1360 and 1590 cm-1. 
The spectra have been offset to aide visualisation. 
 
All three spectra in Figure 4.7 have a feature ~234 cm-1 which is attributable to 
Ag-O functionality [126].  The other common feature is at 2941 cm-1, a CH2 
asymmetric stretching mode [144].  Based on assignments given in Tables 4.2 and 
4.3, the additional sharp features labelled (*), some of which may be contributing 
to the broad features at 1360 and 1590 cm-1 (indicated by dashed vertical lines), 
are all likely to be associated with COO- functionality. 
Spectra as a function of laser exposure obtained from two different particles 
observed on the microscope slide after the sol dried are shown in Figure 4.8.  All 
of the spectra exhibit a feature at ~227 cm-1 which is assigned to Ag-O stretching 
modes [126].  The other significant features consistent across these spectra are 
the broad features (1360 and 1580 cm-1) or increased baseline (fluorescence), as 
observed in the spectra from the dried sol, and strong, sharp features at 
approximately 1590 and 1335 cm-1, both typical of COO- in the decomposition 
products of citric acid (refer to Table 4.3).  The sharp feature observed at 1122 cm-
1, which is present in the spectra in Figure 4.8 B could be associated with the 
presence of citrate, δ(C-O-H), however, as it appears in the majority of spectra 
with varying relative intensities, and is generally more pronounced in weak 
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spectra, it is possibly due to an instrumental artefact.  The spectra shown in Figure 
4.8 B exhibit a more intense 3070 cm-1 band (OH stretch) and  2920 cm-1 (CH2, 
symmetric stretch) feature compared to the  in the spectra in the top panel.   
 
Figure 4.8: Raman spectra obtained from two different particles (A and B) found on 
microscope slide after drying of the colloid after 1 scan (black) and after a further 3 scans 
(red) on same spot.  
 
In general, the range of spectral features observed for the particles in the dry 
sol were comparable to those observed in the spectra from the film from the dried 
sol.  The frequencies of some features where slightly shifted but consistent with 
that expected for differences in components existing in either free or Ag 
nanoparticle bound states.  For example, the dried sol film spectra exhibited a 
feature at 1400 cm-1 (COO-), whereas the spectra from the particles had a feature 
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at ~1380 cm-1, suggesting that some of the COO- detected in the latter were 
interacting with the surface of particles within the cluster [207].   
The observed changes in the spectra obtained after multiple scans on the same 
spot suggest that the samples are not stable under the experimental conditions 
used.  This could be due to laser induced heating of the sample causing further 
decomposition to the species present, or it could be a result of slight sample 
movement.  For example, if a particle within the cluster has moved in response to 
the heat generated by the laser the sample analysed may not be not exactly the 
same as it was in the previous scan.  This scenario is not likely to have occurred, 
and thus the spectral changes observed are probably due to thermal 
decomposition of species present, which is somewhat surprising given the laser 
power utilised was only 0.06 mW, well below the 0.3 mW suggested by Xu and Lu 
to avoid decomposition [126]. 
The above results clearly could be detrimental for the use of Ag nanoparticles 
produced using the citrate sol approach in the analysis of the CF surface.  It is 
however possible that the SERS bands observed from CF surface active species 
could be so strong that they would make the presence of citrate-based bands 
irrelevant.  In the next sections of this chapter the interactions of the Ag colloids 
with CFs are investigated with the ultimate goal of using this approach to generate 
SERS active surfaces for Raman spectral mapping. 
 
4.3.2 SERS of carbon fibre using silver colloids  
Drop application 
As an initial approach, single CFs were mounted onto glass microscope slides 
using double sided adhesive tape at the ends of the fibres and Ag colloid applied 
to the fibres using a micropipette.  Using this methodology, the fibre sits in a pool 
of colloid solution. This solution contains both citrate species, as identified in the 
previous section, as well as Ag nanoparticles.  As the sol evaporates it is highly 
likely that residual citrate salts, citric acid and its decomposition products would 
be left on the fibre surface.  There is also the risk that if the sol inadvertently came 
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in contact with the tape that any water soluble components of the tape adhesive 
could be transferred to the CF surface.  These potential issues may limit the use 
of the drop application method.  After drying of the colloid, particulates were in 
deed evident on the fibre when examined under an optical microscope.  
Figure 4.9 presents spectra obtained from Panex 35 CFs prepared using the 
micropipette drop treatment method.  Figure 4.9 A shows typical traces of an 
unsized CF after a single scan (black) and after 20 scans (red) on the same spot.  
Figure 4.9 B shows typical spectra obtained from the same spot on a sized CF after 
single and multiple scans 
The initial single scan spectra obtained from both the unsized and sized CFs are 
typical of that expected for CF, exhibiting strong D (~1365 cm-1) and G (~1590 cm-
1) band features as indicated by the dashed vertical lines.  Additional sharp 
features not typically associated with CFs appear with increased laser exposure 
time, even at low power (0.45 mW).  As seen from the spectra obtained from the 
sized CF (refer to Figure 4.9 B), some bands became weaker and in other cases 
they became stronger and sharper as a function of laser exposure suggesting a 
dynamic system.  A detailed analysis of some of these sharper spectral features 
follows. 
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Figure 4.9: Raman spectra obtained from the surface of an Panex 35 CF spotted with Ag 
sol using a micropipette: A) unsized CF, 1 scan / 69 s (black), 20 scans / 23 minutes (red) 
on same spot, B) sized CF, 1 scan / 69 s (black), 2 scans / 138 s (red), 4 scans/4.6 minutes 
(blue), and 16 scans / 18.4 minutes (green). 
 
As mentioned above, the initial single scan spectrum obtained from the unsized 
PANEX fibre after application of Sol 1 by micropipette is consistent with that 
expected for CF.  The sharp feature observed at 1122 cm-1, as discussed above, 
was observed in many spectra throughout this work, including spectra where 
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citrate would not be present, and is likely an instrumental artefact.  The feature 
observed at ~229 cm-1 in all of the spectra is attributed to Ag-O or Ag-N stretching 
vibrations [126], which suggests that there is some interaction taking place 
between the Ag particles and a species present on the surface of the CFs.  Due to 
the changing nature of the spectra as a function of laser exposure time the 
detailed analysis of only two, unsized and sized with the highest exposure times, 
are presented below. 
The spectrum obtained from the unsized CF after 20 scans (23 minutes), has 
many additional sharp features (*s in Figure 4.9 A) which are likely to be 
associated with the citrate-based colloid solution.  In particular the features 
observed at  1571 and 1437 cm-1 may be attributable to the presence carboxylate 
(COO-) either absorbed on the Ag particles in the sol, or from the solution (refer 
to Tables 4.2 and 4.3), or to D and G bands from the CF.   Features observed at 
3079 and 2944 cm-1 are also likely to be from the citrate.   Using spectral 
subtraction, the spectral information from the initial single scan can be removed 
from the extended exposure spectrum, resulting in a spectrum that highlights the 
prominent spectral features without the “CF spectral features”.   This subtraction 
spectrum is shown in Figure 4.10 A, and the major spectral features are 
summarised in Table 4.4. The major features observed, can be assigned to 
vibrational modes that are likely to be from molecules associated with the sol. 
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Figure 4.10: Spectral subtractions, A) unsized CF extended exposure, and B) sized CF 
extended exposure. 
The extended exposure SERS spectrum from the sized CF exhibited an increase 
in the background fluorescence and was dominated by broad features centred at 
~1360 cm-1 and 1570 cm-1 along with a strong sharp feature at ~1593 cm-1 (refer 
to  Figure 4.9 B, green trace), both potentially attributable to COO- functionality 
or to CF spectral features.  A spectral subtraction of the initial spectrum from the 
extended exposure spectrum for the sized CF from was not as straightforward as 
it was for the unsized sample.  No scaling factor was applied during the subtraction 
of the unsized spectra (refer to Figure 4.10 A).  If this methodology is applied to 
the sized CF spectra, no meaningful differences are detected between the 
subtraction spectrum and that of the extended exposure spectrum. This can be 
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attributed to the relative low intensity of the initial spectrum compared to the 
extended exposure spectrum.  A subtraction in this instance (not shown) would 
suggest the D and G features (or those at 1360 and 1570 cm-1) are significantly 
enhanced after extended exposure.   
 
Table 4.4. Summary of the major spectral features exhibited in the subtraction spectra 
along with the tentative assignments attributable to the sol and its decomposition 
products. 
Unsized CF 
subtraction 
Sized CF subtraction Assignments 
associated with sol 
(from Tables 4.2 and 
4.3) 
2944 (w) 2944 (-vs) νas(CH2) ip 
2926 (w)  νs(CH2) op 
2871 (w) 2881 (-m)  
2671 (w)   
 1670 (m)  
 1605 (s) νas(COO-) 
 1598 (s) νas(COO-) 
1570 (s) 1588 (s) νas(COO-) 
 1514 (m)  
 1452 (m)  
1435 (s)  νs(COOO-), ϒ(COO-) 
 1408 (m)  
1327 (m) 1333 (s) νs(COO-) 
 1308 (s)  
1233 (s)  δ(COO-) 
1058 (w) 1056 (m) νs(C-O) 
887 (w)   
725 (w) 718 (m)  
 690 (m)  
666 (w)   
518 (w)   
 284 (m)  
221 (m) 234 (-vs) ν(Ag-O) 
Intensity: vs=very strong, s=strong, m=medium, w=weak, vw=very weak, sh=shoulder, 
br=broad, -=negative peak intensity.  
Modes: ν=stretch, δ=in plane bend, γ=out of plane bend, τ=torsion, s=symmetric, as=anti-
symmetric, op=out of phase, ip=in phase. 
 
Another approach would is to scale the intensity of the initial spectrum, to 
facilitate the subtraction of features common to both spectra, e.g. the D and G 
features.  This has the potential to introduce artefacts in the form of sharp spectral 
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features as the noise levels increase in the scaled spectra.  The result of such a 
scaled subtraction is shown in Figure 4.10 B.  The negative bands are the result of 
features that were more intense in the scaled initial spectrum compared to the 
extended exposure spectrum.  The features at 234, 2881 and 2944 cm-1 are 
attributable to Ag-O, C-CH3 and CH2 stretching modes, respectively.  The negative 
direction of these peaks could suggest there are more of these functionalities 
present in the initial spectrum compared to the extended spectrum; however they 
are more likely an adverse artefact introduced by the scaling of the initial 
spectrum to reduce the dominance of the D and G features.  As shown in Table 
4.4, many of the features observed are likely to be from the sol and/or its 
decomposition products, however there are many spectral features present, in 
particular those at  1670, 1514, 1452, 1408 and 1308 cm-1, that do not appear to 
be related to the sol.  The origins of these bands are now investigated. 
As the major objective of this study is the identification of size on the surface 
of CFs, the possibility of assigning the bands not related to the sol to modes 
corresponding to the size was explored. It was assumed that the size used by the 
manufacturer of Panex fibres was an epoxy-based emulsion as this is what most 
manufacturers commonly utilise.  A spectrum of a commercial epoxy-based size, 
Hydrosize EP834.S-PL (Michelman, Singapore), is shown for reference in Figure 
4.11 and tentative assignments of the prominent bands are presented in Table 
4.5.  The spectrum of the size was found to be consistent with that of a 
diglycidylether of bisphenol A (DGEBA) [216, 217], the structure of which is shown 
in Figure 4.12.  Whilst it is unlikely this is the same size used on these fibres, it may 
give an indication of the spectral features likely to be present if an epoxy-based 
size has been applied to the fibres.   
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Figure 4.11: Raman spectrum of commercial epoxy-based size, Hydrosize EP834.S-PL. 
 
The most intense spectral features exhibited by the size are those in the 2800-
3100 cm-1 range.  These are attributable to CH, CH2 and CH3 functionality (refer to 
Table 4.5). This is where negative bands are observed in the subtraction spectrum 
from the extended exposure sized Panex CF (refer to Figure 4.10 B). 
 
 
Figure 4.12. Structure of DGEBA 
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Table 4.5. Prominent spectral features exhibited by the epoxy-based size, Hydrosize 
EP834.S-PL, and their tentative assignments. 
Major features in 
size 
Assignments 
3070 (s) ν(C-H)ring[218] 
3008 (s) ν(C-H) ring[218] 
2969 (m) ν(C-H)[218] 
2929 (s) νas(CH2/CH3)[219] 
2873 (s) νs(CH2-CH3)[219] 
1609 (s) ν(C=C)8a[218, 219] 
1582 (m) ν(C=C)8a[219] 
1298  (m) νas(C-O)[217]  
1252 (m) ν(C-C-O-C)[219] 
1230 (m) ν(C-O), ν(C-C)[217] 
1187 (m) ν(C-C-O-C)[219], ν(C-C)[217] 
1113 (s) δ(C-H)18b[217] 
916 (m) ν(C-O)epoxy group[218], δ(CH2-O-CH) epoxy group [219] 
821 (s) δ(CCC)[144, 203]  
809 (m) δ(CCC)[202] 
666 (m) ϒ(C-H)[217] 
640 (m) ϒ(C-H)[217, 219] 
Intensity: vs=very strong, s=strong, m=medium, w=weak, vw=very weak, sh=shoulder, 
br=broad. 
Modes: ν=stretch, δ=in plane bend, γ=out of plane bend, τ=torsion, s=symmetric, as=anti-
symmetric. For benzene ring modes, the Wilson numbering [205] is shown as subscripts 
after the general description of the mode. 
 
From comparison, the majority of the positive sharp bands (not attributed to 
the sol) observed in the subtraction spectrum from the extended exposure sized 
Panex CF (Table 4.4), are not consistent with the spectral features exhibited by the 
commercial size (Table 4.5).  The strong features observed 1588-1605 cm-1, whilst 
potentially attributable to COO-, could also be attributable to an aromatic C=C 
stretching vibrations from an epoxy-based size on the fibre surface.  The 
moderately intense band observed at 1670 cm-1 in this subtraction could be 
associated with amide functionality.  In a recent study on the contamination of 
the CF surface incurred during storage, Li et al. identified the presence of fatty 
acids and fatty acid amides which were attributed to a slip agent used in the 
manufacture of plastic bags for sample storage [220], thus highlighting the 
potential for surface species other than size to be present on the CFs. 
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Because every spectrum recorded was different, it is difficult to interpret what 
is actually occurring, and thus make definitive assignments.  However, the most 
likely explanation for the observed features and the variability observed after 
extended laser exposure is decomposition of compounds on the CF surface, either 
from the sol, a size or other surface active species.   
 
Dip application 
A second deposition approach was investigated which involves dipping the 
fibres into the colloid solution and allowing them to dry before mounting onto 
microscope slides. This was expected to give a more uniform coverage and 
minimise the possible deposition of citrate slats on the CF surface upon solvent 
evaporation.  It is also possible that less of the Ag nanoparticles will deposit onto 
the CF surface.  A series of Panex 35 CFs were treated by both a single 10 minute 
dip in the colloid and two dips of 5 minute duration.  
SEM imaging was utilised to survey the distribution of Ag nanoparticles on the 
CF surface after the dipping treatment.   The images, shown as Figure 4.13, are 
representative of the distribution of Ag on the CFs after dipping into colloid 
solution (Sol 1) using the latter 2 dip procedure.  This procedure appeared to 
produce slightly more Ag on the CF surface than the single 10 minute dip and the 
drop approaches (images not shown).  The distribution of Ag was sparse and the 
particles observed ranged in size from about 50-135 nm with a majority being over 
100 nm.  While the sparseness of the Ag nanoparticle distribution is not ideal for 
mapping, Raman spectra were obtained in order to compare the results to those 
obtained from using the drop method. 
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Figure 4.13: Typical SEM images of sized CFs after dipping in Ag sol twice for 5 minutes, 
left at x5000 and right at x7000 magnifications. 
 
Figure 4.14 shows SERS spectra typical of those obtained from a sized Panex 35 
CF with Ag application from colloid solution applied using the two dip method. 
The bottom spectrum (black) is from an extended (11.5 minute) exposure time, 
whereas the remaining spectra represent an exposure time sequence from the 
same sized CF but a different location.  Some variations were observed in spectra 
obtained along any given fibre.   
In some instances, such as shown at the bottom of Figure 4.14 (black trace), 
the spectrum did not exhibit any sharp features and was more like the spectra 
expected from CF.  It is interesting to note that this spectrum does not exhibit a 
feature at ~225 cm-1 which is observed in the spectra from the exposure sequence. 
This suggests that this particular location on the CF may not have had any Ag 
nanoparticles present.  However at different locations on the same CF it was found 
that successive data collections produced different spectra.  Generally the initial 
spectrum (Figure 4.14, red trace) exhibited well defined features in addition to 
those of the CF, consistent with observations with the drop approach.  A second 
run of the same spot produced a spectrum (Figure 4.14, blue trace) with slightly 
different and often much stronger and sharper features.  After further laser 
exposure these features started to deteriorate (Figure 4.14, green trace and then 
yellow trace ).  
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The observed spectral changes with increased laser exposure time are 
consistent with the results from the SERS obtained using the drop application 
method.  As the features exhibited after 3 scans, blue trace in Figure 4.14, are the 
strongest, and in some instances appear to be present both at shorter and longer 
exposure times (red and green traces).  These spectral features are summarised 
in Table 4.6 along with assignments attributable to the sol and/or its associated 
decomposition products. The majority of the strong, sharp bands observed can be 
attributed to COO- functionality generated by the sol or sol decomposition (Tables 
4.2 and 4.3).  The unassigned features, with the exception of the feature at 1666 
cm-1, are not consistent with the features observed in the SERS spectra from the 
sized CF prepared using the drop application of Ag sol.  None of the spectral 
features observed are consistent with those expected for an epoxy-based size 
(refer to Table 4.5). 
 
Figure 4.14: Raman spectra obtained from a sized carbon fibre using dip application of Ag 
sol, after 10 scans /11.5 minutes (black), and sequential scans at a different location on 
same CF after 1 scan / 69 s (red), 3 scans / 3.45 minutes (blue), 6 scans / 6.9 minutes 
(green), and  16 scans / 18.4 minutes (yellow).  
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Table 4.6. Summary of the major spectral features exhibited in the Raman spectra (3 
scans) of sized CF using dip application of Ag sol, along with the tentative assignments 
attributable to the sol and its decomposition products. 
Dip Ag sol application 
(after 3 scans) 
Assignments associated 
with sol (from Tables 
4.2 and 4.3) 
3074 (w) ν(OH) 
2923 (w) νs(CH2) op 
1666 (m)  
1601 (sh) νas(COO-) 
1573 (s) νas(COO-) 
1488 (w) νas(COO-) 
1420 (s) νs(COO-) 
1380-1373 (m) νs(COO-) 
1355 (sh) νs(COO-) 
1198 (w) δ(COO-) 
747 (w) νs(C-O) 
726 (w)  
635 (w)  
220 (w) ν(AgO) 
Intensity: vs=very strong, s=strong, m=medium, w=weak, vw=very weak, sh=shoulder, 
br=broad. 
Modes: ν=stretch, δ=in plane bend, γ=out of plane bend, τ=torsion, s=symmetric, as=anti-
symmetric, op=out of phase, ip=in phase. 
 
The results obtained from both the drop and dip techniques for applying the 
colloid were similar, showing spectral variations on the same spot with repeated 
data collection (extended laser exposure time).  A significant number of spectral 
features attributable to the sol and/or its decomposition products have been 
identified in the SERS spectra obtained using Ag sol.  This, combined with the 
ambiguity arising from the inability to source a sample of the exact size used on 
these samples complicates the potential identification of features associated with 
the size. 
 
4.4 Discussion 
4.4.1 Characterisation of SERS colloids 
There are several methods described in the literature for the production of Ag 
and Au colloids for SERS [158, 168, 172, 207].  The production of nanoparticles of 
optimal size is required for effective SERS.  Spherical Ag nanoparticles of about 
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50 nm have been shown to exhibit the maximum SERS intensity under some 
experimental conditions [167], whilst  others report that particles approximately 
20 nm in diameter give  significant SERS enhancement, for example 4x106 [168].   
The use of UV-Vis spectrophotometry is widely used to monitor particle size in 
colloid solutions [158, 169, 170] due to the plasmon absorption that is exhibited 
by the metal nanoparticles (Ag or Au). As discussed in Chapter 2, Section 2.5.2, the 
size and shape of the nanoparticles as well as the method used to produce the 
particles can affect the plasmon absorption maxima and thus the reported 
maximum absorptions and corresponding particle sizes seem to vary throughout 
the literature [168, 171, 172, 221]. 
Based on the work of Tomaszewska et al. [171], the absorbance maxima of 428 
and 432 nm measured for the sols produced in this work suggest that the particle 
sizes present should be on the order of about 50 nm. Due to the presence of 
multiple particle sizes however, the absorbance maxima are not likely to give an 
accurate indication of the true particle size.  If the particles are approximately 50 
nm in diameter, they would be consistent with ones reported in the literature that 
gave maximum SERS intensity [167]. 
To further investigate the Ag particle size of the sols, DLS was utilised.  Similar 
to the UV-Vis approach, the methodology is valid for mono-disperse solutions, and 
the presence of particles of various sizes will not provide accurate results (refer to 
Chapter 2, Section 2.5.2).  As there was more than one particle size detected in 
both sols generated for this work, the DLS results, similar to those obtained by UV-
Vis spectrophotometry, can only be looked upon as indicative.  In the case of Sol 
2 (generated in excess citrate) the detection of very large particles suggests that 
aggregation is occurring. 
Considering the limitations of both UV-Vis spectrophotometry and DLS 
approaches to predict or measure the size of polydisperse nanoparticles such as 
those in colloid solutions, the use of SEM or TEM imaging has become the 
preferred technique to ascertain the size of nanoparticle present in colloid 
solutions.  DLS and UV-Vis spectrophotometry are still utilised as rapid techniques 
to get an estimate of particle sizes during colloid production.  TEM images showed 
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that the particles varied in shape from small spheres to rods as well as clusters of 
several particles.  The spherical particles ranged in size from approximately 12-92 
nm.  This is in good agreement with the DLS results; however the TEM 
observations suggested that there were more particles at the larger end of the 
range. 
The sizes of the Ag nanoparticles observed in Sol 1 were on average larger than 
the targeted 50 nm diameter.  Probably the best indication of whether the 
particles in the colloids would be suitable for SERS was to determine the SERS 
activity for a specific molecule such as PABA. Sol 1 was found to have a PABA  
activity of approximately 9 x 104 using equations  and methodology outlined in 
Suh’s research [168].  This value is somewhat lower than the 4 x 106 reported by 
Suh et al. [168].  As Suh’s method is based on a geometric model, factors such as 
different particle size and shape will influence the enhancement factor calculated 
so it can be misleading when comparing the enhancements seen with different 
colloid preparations.   
Suh’s method uses the size of the colloid particle, and the assumption that it is 
spherical.  The volume of the particle is then calculated, and using the cross- 
sectional area of a Ag atom, the number of Ag atoms per particle is estimated.  
The number of surface sites per particle is then estimated from the surface area 
of the particle, assuming there is one absorbing site per Ag atom.  Comparing the 
Raman intensity obtained from a known concentration of PABA with and without 
Ag colloid, in the same focal volume, enables the calculation of the enhancement.  
Both sols exhibited extraneous spectral features attributed to citrate related 
species, the presence of which may complicate the interpretation of SERS spectra.  
The activity of Sol 2 was not calculated due to the presence of these interfering 
spectral features, and for that same reason, Sol 2 was not used for the SERS work. 
 
4.4.2 Application of the silver colloid to carbon fibres 
Signal losses and fluctuating organic contamination bands have been identified 
as "bottlenecks" in the application of SERS for reliable chemical analysis.  These 
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issues originate mainly from the prolonged laser irradiation of the sample during 
data collection, which causes analyte decomposition and/or loss of the enhancing 
capabilities of the adsorption site [222].  The results obtained using Ag colloid 
applied to the CF showed some promising results, however reproducibility was an 
issue.   Specific spectral features observed could not be assigned to the size with 
any certainty as the spectra were dominated by features attributable to the sol 
and/or its decomposition products. Xu and co-workers found that a laser power 
of 0.26 mW gave SERS spectra of CFs showing features thought to be due to sizing, 
but at a laser power of 10 mW these peaks were no longer observed [126].  They 
also saw changes in the spectra collected from same spot on a maleic anhydride 
modified carbon fibre as a function of exposure time (10 mW).   
Whilst some of the SERS spectra obtained from the samples in this study used 
a laser power above 0.26 mW, it was expected the 0.45 mW power that was 
typically used would not cause significant issues as it was still well below the 
10 mW power.  A reduction in the laser power to 0.06 mW, well below the laser 
power utilised by Xu and Li [126], did not alleviate the lack of reproducibility of 
the spectra. In order to more accurately compare the experimental conditions 
utilised in this work to those of other researchers, the power density of the laser 
spot on the sample must be calculated.  The estimated power densities at the 
sample for this work, based on a laser spot size of 0.8 μm, are 2.3 x 104 and 1.8 
x105 W/cm2 for the 0.06 and 0.45 mW laser powers respectively.  Unfortunately, 
the power density utilised by Xu and Li cannot be determined from the sparse 
experimental details given. 
Yeo and co-workers [222] have developed a strategy to minimise SERS signal 
loss and analyte decomposition using  a pair of galvanic mirrors to scan the laser 
beam rapidly and steadily across the sample surface.  Each position is irradiated 
for <10 µs and the SERS spectrum is obtained by summing the signals collected 
from a large array of non-overlapping sample points.  This approach is akin to the 
spectral mapping carried out in Chapter 3. All spectra in the map would be co-
added to produce a final spectrum.  The dwell time on any given spot would 
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however be much greater than 10 µs.  In the current case, the sparse coverage of 
Ag nanoparticles would make this approach not viable. 
 
4.5 Conclusion 
In summary, this work, using Ag colloids, has not delivered a successful 
technique for the application of Ag nanoparticles to the surface of carbon fibres 
for SERS.  The overall coverage of Ag was sparse, and likely to provide inconsistent 
SERS spectra with respect to the probability of collecting data were Ag was 
present.  A significant number of spectral features related to the citrate used in 
the production of the sol were identified in the SERS spectra.  The presence of 
these features complicates the interpretation of the results. The lack of 
reproducibility of the spectra obtained was likely a result of sample heating 
causing decomposition of surface species including those deposited by the colloid. 
From the above results it is clear that alternative methods for preparing SERS 
active carbon fibres need to be investigated.  In the next chapter of this thesis the 
use of the aqueous-based method of electroless plating of Ag, based on Tollen’s 
reagent, is assessed.  Based on its use in the production of silver mirrored surfaces, 
it is hoped that this approach will yield a more complete and uniform surface 
coverage of the CFs with Ag nanoparticles.  The change in chemistry away from 
the oxidation of the multifunctional citrate molecule to one based on simple 
inorganic molecules and the oxidation of an aldehyde (see Chapter 2, Section 
2.5.4) should minimise the formation of interfering species.  This work also 
extends the study to include pristine CFs sized with Hydrosize EP834.S-PL.  These 
samples were collected directly from the manufacturing line and were not stored 
in plastic bags, thus reducing the risk of surface contamination. 
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CHAPTER 5 
Aqueous approaches to SERS on carbon fibre, PART 2: 
Electroless plating  
In this chapter, the generation of Ag nanoparticles via electroless plating is 
investigated for use as SERS agents on CF, specifically with the view to detect size 
on the CF surface.   SEM was used to determine the distribution of the Ag along 
the CFs.  The stability of the size to different laser powers was investigated, as was 
the substantiveness of the size on the CF surface when exposed to an aqueous 
environment. Finally, the potential use of this method to enhance the size 
spectrum to the point that it is detectable on the CF surface was investigated. 
 
5.1 Introduction 
As discussed in Chapter 4, the ability to detect and monitor the distribution of 
size along the CF surface is of interest to the CF industry.  The size is thought to 
play a role in the adhesion between resin and CFs in CF composites [68].  A better 
understanding of the distribution of size along the CF may assist with the 
production of superior CF composites.   
The use of Ag colloids to induce SERS to detect the presence of size was 
investigated and discussed in Chapter 4.  The citrate reduction of silver nitrate 
used to generate the Ag colloids resulted in the presence of a significant number 
of spectral features attributable to citrate species including its oxidation and/or 
decomposition products.  The citrate species along with other surface active 
species present on the CF samples were found to be not stable under the 
experimental conditions used, resulting in a lack of spectral reproducibility. These 
interfering bands would not be an issue if the intensity of spectral features 
associated with the size were more intense; however this did not appear to be the 
case. 
An alternative method to generate Ag nanoparticles that has been used in the 
literature is electroless plating. Electroless plating based on the Tollen's reaction 
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has been demonstrated to produce a Ag layer that  increased the conductivity of 
CFs [223] and carbon nanofibers [224], however no Raman spectroscopy was 
undertaken on these samples.  A similar methodology, based on the reduction of 
diamine silver ions by glucose, has been used to deposit Ag onto polymer films 
[201] and filter paper [225] to induce SERS activity.   Zhou et al. used the Tollen’s 
test to deposit an overcoat layer of Ag onto thin PAN films.  The Ag enabled the 
use of SERS to successfully study the outermost surface of the nm thick films [201]. 
Cheng et al. used the same principle to prepare SERS substrates from filter paper.  
Optimisation of the reaction conditions and paper pre-treatments resulted in Ag 
coated paper substrates that provided higher SERS signals from aqueous tyrosine 
compared to those prepared from glass substrates [225]. It should be noted that 
neither of the substrates studied by Raman spectroscopy were black as is the case 
for CF, and thus they are not likely to suffer from overheating. 
As discussed in Chapter 4, the successful development of a SERS technique that 
can detect the presence of size on the CF surface is the initial step required to 
unlock the potential of Raman spectral mapping to investigate the distribution of 
size along individual CFs at a spatial resolution currently not achievable by any 
other technique. 
In this chapter, electroless plating, based on the Tollen’s reaction, is 
investigated as a means to generate Ag nanoparticles for SERS on CFs, with the 
aim of detecting the very thin layer of size present on commercial fibres.  The 
reproducibility of SERS spectra as a function of laser exposure time is monitored. 
The stability of the size when exposed to increasing laser powers as well as the 
effect of the aqueous environment of the Tollen’s reaction on the adhesion of size 
to the CF surface are also investigated. The distribution of nanoparticles on the CF 
surface and their applicability for the analysis of size on the CF surface are 
evaluated. 
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5.2 Materials and methods 
The methodology and materials used for the generation of Ag nanoparticles for 
SERS via electroless plating, including the chemical equations involved in the 
Tollen’s reaction, are described in Chapter 2, Section 2.5.4. SEM was utilised to 
characterise the nanoparticles on the CF as presented in Chapter 2, Sections 2.1.1 
and 2.5.6. Raman spectroscopic data collection details specific to this work are 
presented in the following section. 
 
5.2.1 Raman conditions  
All spectra were extended scans (100-3200 cm-1) collected on the Renishaw 
inVia Raman microscope using a x50 objective in normal (non-confocal) mode 
using the standard CCD detector and the 514 nm argon ion laser line. As discussed 
in Chapter 4, Section 4.2.1, the use of confocal mode was actually detrimental to 
the aims of this research with normal mode giving better signal to noise with lower 
data collection times. The exposure time was 10 s unless otherwise stated and the 
number of scans co-added varied based on the S/N obtained from a single scan, 
and the stability of the sample. During all spectral acquisitions specific attention 
was given to note any sample decomposition or un-planned movement, 
particularly in the case of single fibre work (refer to Chapter 2, Section 2.2.3). 
Many of the results presented in this chapter are sequential, single scans obtained 
from the same spot on a sample that displayed instability during data collection. 
The spectra from electroless plated Panex 35 CF were collected with a laser 
power of 0.003 mW and were the accumulation of 10 scans.  Multiple spectra (up 
to 3), were collected from the same spot to investigate the reproducibility of the 
spectra and sample stability with laser exposure. Spectral processing included the 
application of a two point baseline correction and a 25% smoothing function.   
The spectra from the Carbon Nexus produced CFs (refer to Chapter 2, Section 
2.5.4), sized (CF3) and unsized (CF1) electroless plated CFs, were single scans 
obtained using a laser power of 0.003 mW and an exposure time of 10 s.  To 
investigate sample stability to laser exposure multiple spectra (up to 28) were 
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collected from the same spot on the CF.  The approximate time to collect one 
spectrum was 69 s thus the total laser exposure time for some analysis spots could 
reach as high as 32 minutes. A 50% smoothing function was applied to all spectra.  
Whilst this appears to be an excessive amount of smoothing, it was required due 
to the signal to noise level of the spectra which was a result of the very low laser 
power and low exposure time of the single scans.  The level of smoothing applied 
was determined to have minimal effect on washing out features of interest. 
To study the effect of laser power on the intensity of the spectral signal 
obtained from CF, single scan spectra were obtained from the unsized CF (CF1) 
with no Ag using a range of laser powers between 0.003 and 0.33 mW.  
To investigate the decomposition of the size as a function of laser power, 
spectra were obtained from the pure size used on the CF, Hydrosize EP834.S-PL, 
after the evaporation of water from the sample. Single scans were collected using 
laser powers ranging from 3.0 μW (0.003 mW) to 3.5 mW. 
The spectrum from α-D-glucose was the result of the co-addition of 5 scans 
with a 10 s exposure time using a laser power of 0.71 mW. 
 
5.2.2 Analysis of size samples 
The methodologies used to investigate the substantiveness of the size on the 
CF can be found in Chapter 2, Section 2.5.7. 
 
5.3 Results 
5.3.1 Panex 35 carbon fibre 
Initial attempts at SERS utilising electroless plating to deposit Ag were 
performed on the Panex 35 sized fibres. Fibres utilised included oxidised, not sized 
carbon fibre and the oxidised, sized fibres.  
SEM  
The SEM images shown in Figure 5.1 represent the range of Ag particle 
distributions via electroless plating along a sized Panex 35 fibre.  The amount of 
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Ag deposited on the fibres varied significantly across different fibres and along any 
given fibre for any given treatment batch.  Some fibres were heavily coated whilst 
some had only a few particles present; however, most fibres had a light uneven 
distribution of Ag particles.  There was also some evidence that some of the 
particles transferred from the fibre to the carbon tape during sample preparation 
suggesting that they were not strongly adhered.  Under high magnification the Ag 
particles appear to be encapsulated in another substance, possibly derived from 
the glucose.  The presence of this unidentified substance could interfere with any 
SERS attempts as the Ag may interact with the coating rather than the size on the 
fibre and thus the resulting spectra may be biased by SERS resulting from the 
coating. 
 
 
Figure 5.1: SEM images showing Ag particle distribution along a Panex 35 sized CF after 
electroless plating.  The image on the top right (x35000 magnification) shows a coating 
on the particles. 
 
There was no suggestion from the SEM images obtained that the distribution 
of the Ag differed between the oxidised, not sized carbon fibre and the oxidised, 
sized fibres (not shown).  It was thought that not sized, oxidised carbon fibres may 
offer a surface more favourable to the deposition of the Ag particles as the 
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particles could interact with any carboxyl or carboxylate groups present (refer to 
Chapter 1, Section 1.2). The particles ranged in size from approximately 30 up to 
726 nm, with the majority in the 100-300 nm range.  There appeared to be an 
increase in the average particle size on fibres that exhibited higher coverage.  This 
was attributed to aggregation of individual particles to form clusters of varying 
numbers of particles.  Overall the Ag particles were found to be larger than ideal 
for SERS; however this technique clearly produced more particles on the fibres 
than the colloidal sol method.   
 
SERS  
Figure 5.2 shows sequential spectra obtained from the same spot on the sized 
CF after Ag treatment with a laser power 0.003 mW.  Even though the spectra 
appear to be changing at this very low laser power, suggesting changes in the 
sample, there are some similarities in the three spectra.  Interestingly, none of the 
spectra exhibited a peak around 230 cm-1 that is typically assigned to Ag-O 
interactions.  All of the spectra show a broad feature between 2885-2922 cm-1 
consisting of several unresolved peaks, as well as a resolved peak at 3074 cm-1. 
The first and second scans both show sharp spectral features in addition to the 
spectral features observed after three scans suggesting that the former features 
are not stable to laser exposure.  The most intense features are observed in the 
second spectrum (red trace) which are summarised in Table 5.1 along with 
possible assignments attributable to size.  The features marked in Figure 5.2 can 
potentially be attributable to the presence of size.  The feature at 1665 cm-1 was 
also observed in the SERS spectra from this sample using the Ag colloids, and was 
potentially associated with contamination from storage bags (refer to Chapter 4, 
Section 4.3.2 and discussion below).  Also as mentioned in Chapter 4, the sharp 
spectral feature observed at 1122 cm-1 is probably an instrumental artefact. 
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Figure 5.2: Successive Raman spectra obtained from the same spot on an electroless Ag 
plated sized Panex 35 CF: after 1 scan (black), after 2 scans (red) and after 3 scans (blue).  
 
It was subsequently determined that the Panex 35 carbon fibres used in this 
work, as well as in the previous chapter, had an oily layer of surface contamination 
present.  This is supported by XPS results obtained from the Panex 35 fibres before 
and after washing with acetone that suggested the presence of two phases on the 
fibre surface [220]. Li et al. identified the presence of fatty acids and fatty acid 
amides which were attributed to a slip agent used in the manufacture of plastic 
bags used for sample storage [220].  During Ag nanoparticle application this 
material would likely migrate to the active sites and thus could be the origin of 
some if not all of the observed SERS spectra obtained.  
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Table 5.1. Summary of the major spectral features exhibited in the Raman spectra (2 
scans) of sized Panex CF electroless Ag plating, along with the tentative assignments 
attributable to size and fatty acid amides. 
Major features in 
second spectrum 
(red) (Figure 5.1) 
Assignments attributable to 
size (based on Table 4.5, 
Chapter 4) 
Assignments attributable to 
fatty acid amides 
3074 (m) ν(C-H)ring[218] ν(=CH)[226] 
2885-2922  
(br, m) 
νas(CH2/CH3)[219],νs(CH2-CH3)[219] νas(CH2/CH3),  νs(CH2-CH3) [226] 
1665 (s)  ν(C=C)[211] 
1614 (s) ν(C=C)8a[218, 219] amide I (ν(C=O), ν(C-N))[227, 228] 
1531 (m) ν(C=C)8a[219] amide II (δs(NH2), ν(C=O))[227, 
228] 
1395 (w)   
1298  (m) νas(C-O)[217]  ϒ(CH2)[229], δ(CH2)[211]  
1172 (w) ν(C-C-O-C)[219], ν(C-C)[217] ν(C-C)[229] 
1122 (m)   
890 (w)  ϒ(CH2)[229] 
821 (w) δ(CCC)[144, 203]   
800(w) δ(CCC)[202]  
Intensity: vs=very strong, s=strong, m=medium, w=weak, vw=very weak, sh=shoulder, 
br=broad. 
Modes: ν = stretch, δ = in plane bend, γ = out of plane bend, τ = torsion, s = symmetric, 
as = anti-symmetric. For benzene ring modes, the Wilson numbering [205] is shown as 
subscripts after the general description of the mode. 
 
A fatty acid amide, such as erucamide would exhibit spectral features due to C-
C-C, C=C, C=C-H, and CH2 functionalities as per the assignments shown in Table 
5.1.  Additional features would be expected in the ranges 1550-1700 cm-1 and 
1630-1680 cm-1 from the amide functionality of the fatty acid amide.  These 
assignments are also given in Table 5.1. As the vibrational modes observed at 1614 
and 1531 cm-1 exhibit strong and medium intensities and the amide vibrations of 
fatty acid amides are expected to be weak in the Raman [230, 231], it is likely that 
a mixture of size and contaminants is present on the CF surface. The spectral 
changes observed with laser power and exposure time could be due to 
interaction, changes and/or decomposition of this relatively mobile species 
formed on the Ag nanoparticle surface [232].   
To avoid the added complication of surface contamination due to sample 
storage in bags as well as unknown handling issues, a fresh set of samples were 
obtained from the Carbon Nexus facility. 
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5.3.2 Carbon Nexus carbon fibre 
The electroless Ag plating method was applied to the CF samples obtained from 
the Carbon Nexus research facility. CF1 was collected prior to the size application 
bath, CF2 was collected after the sizing bath and was air dried, whilst CF3 was 
obtained after the CF had passed through the drying oven after application of size. 
The plating methodology was modified slightly, with drop wise addition of the 
Tollen’s reagent and longer reaction time, to improve the Ag coverage.   
 
SEM 
SEM images of CF samples as received from the from Carbon Nexus facility are 
shown in Figure 5.3.  The presence of the size gives the fibres a smoother 
appearance. In contrast to the images obtained from the Panex 35 fibres (Chapter 
3, Section 3.3.1), no extraneous debris could be observed suggesting that the 
storage protocol utilised (refer to Chapter 2, Section 2.5.4) prevented surface 
contamination of the fibres.    
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Figure 5.3: SEM images of unsized CF1 (top), sized and air dried CF2 (middle) and sized, 
oven dried CF3 (bottom). 
 
The SEM images obtained from the three Carbon Nexus CF samples after 
electroless Ag plating (Figure 5.4) showed a significant increase in the presence of 
particles on the surfaces of all fibres compared to the initial Panex 35 treatments, 
however treatments were still uneven.  In some areas large aggregates of particles 
were visible, whilst there was very little coverage in other areas. Similar to the 
electroless plated Ag on the Panex fibres (Figure 5.1), the amount of Ag present 
influenced the average Ag particle size.  The fibres with less Ag had particles 
ranging in diameter from approximately 78 to 225 nm, with many below 120 nm. 
The particle diameters observed on the heavily coated fibres were however 
significantly higher, ranging from 111 to 675 nm, with the majority above 300 nm. 
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Figure 5.4: SEM images of CFs from Carbon Nexus after electroless Ag plating: unsized CF1 
(top), sized and air dried CF2 (middle) and sized, oven dried CF3 (bottom). 
 
SERS 
Using a very low laser power, 0.003 mW, a single spot on a Ag plated fibre from 
CF3 was repeatedly analysed.  The 28 consecutive un-normalised single scan 
spectra from the same spot on the Ag plated CF3 are shown in Figure 5.5.  Even 
using such a low laser power and relatively short exposure time (10 s), no two 
spectra were the same.  Unlike the spectra from the Panex CF, all of the spectra 
displayed a feature at 226 cm-1 which can be attributed to Ag-O or Ag-N [71, 233], 
suggesting an interaction of the Ag with a species present on the surface of the 
fibre.   A broad feature in the 2800-3000 cm-1 region as well as a lower intensity 
feature at ~3070 cm-1, similar to those observed in the spectra from the Panex 35 
CF, were also consistently observed in the sequence of spectra. These features are 
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potentially an indication of the presence of size, as these are the most intense 
features observed in the spectra obtained from the size (refer to Section 5.3.3 
below).  
The remainder of the features observed varied substantially from spectrum to 
spectrum.  Some spectra were reasonably featureless whereas others were 
dominated by strong, sharp peaks. The sharp features were not consistently 
observed at the same wavenumber positions, and their position and intensity are 
both sporadic throughout the series, which could be indicative of a highly mobile 
system.  It would be expected that if thermal decomposition was occurring that 
the sharp features might reduce in intensity and change to broad features over 
time, without the reoccurrence of very similar sharp features. To note, spectrum 
14 (orange trace) in Figure 5.5 appears as a potential outlier, exhibiting a very 
intense broad feature between 1100 and 2100 cm-1, likely attributable to a 
fluorescent background. Due to the overall weak initial spectrum which was 
devoid of sharp features and the inconsistent, gross variation in the subsequent 
spectra recorded in the exposure sequence, a detailed analysis of this data set was 
abandoned. Instead, focus was turned to the analysis of the unsized fibres in an 
attempt to better understand the Tollen’s reagent-based Ag plating approach. 
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Figure 5.5: Raman spectra from 28 consecutive single scan spectra from the same spot on 
fibre from CF3 after electroless Ag plating (bottom trace is first spectrum collected, and 
top trace is the 28th spectrum collected).  
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A similar sequential collection experiment was performed on a fibre from CF1, 
the unsized CF sample, after the application of Ag by electroless plating. Figure 5.6 
shows 14 single scan spectra collected from the same spot on a single fibre. 
 
Figure 5.6: Raman spectra from 14 consecutive single scan spectra from the same spot on 
CF1 after electroless Ag plating (Bottom spectrum first through to 14th at top). The dotted 
lines at ~1360 and 1580 cm-1 represent the expected location of the CF D and G bands, 
respectively. 
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It is interesting that none of the spectra from the electroless Ag plated unsized 
CF show the feature at approximately 226 cm-1 that was present in the spectra 
from the electroless Ag plated sized CF (refer to Figure 5.5). Nor do they show 
features in the 2800-3000 cm-1 spectral range. Indeed, all spectral features are 
limited to the range between 1100 and 1700 cm-1. The spectra from the Ag plated 
CF1 fibre all show underlying features indicative of the D and G features (dotted 
lines in Figure 5.6) associated with Raman spectra from CF.  Corresponding 
features were not clearly observed in the spectra obtained from the sized CFs. As 
the laser exposure time increased, it was found that the D and G features became 
more pronounced due to the other sharp bands reducing in number and intensity, 
suggesting degradation of the component on the surface that is giving rise to these 
sharp features. A detailed analysis of the major sharp features will be presented 
further below. 
A sample of CF1, unsized CF, without the Ag Tollen’s treatment was assessed 
using a range of laser powers from 0.003 to 0.33 mW (Figure 5.7 A) in order to 
assess the extent to which the underlying CF contribute to the recorded spectra.  
The characteristic D and G bands of CF were not clearly observed in this series of 
spectra until a laser power of 0.03 mW was used (Figure 5.7 A, green trace).  
Clearly the Ag nanoparticles on the fibre surface appear to be generating some 
spectral enhancement, as shown by the comparison of spectra from CF1 with and 
without Ag using a laser power of 0.003 mW (Figure 5.7 B). Further study of this 
effect is reported in Chapter 6, Section 6.3.2. 
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Figure 5.7: Raman spectra from A) CF1 with no Ag plating at different laser powers (LP). 
LP= 0.003 mW (black), LP= 0.006 mW (red), LP= 0.03 mW (green), LP= 0.05 mW (purple), 
LP= 0.33 mW (blue), and B) CF1 with Ag plating (red) and CF1 with no Ag plating (black) 
both LP=0.003 mW.  
 
A detailed analysis of the major sharp features observed in the Ag plated 
unsized (CF1) fibres will now be presented. As these fibres have no size applied, 
and have been stored in glass petri dishes since collection directly from the 
manufacturing line, the most likely source of these sharp features is the process 
used to generate the Ag nanoparticles, namely glucose and its oxidation products.  
A Raman spectrum was obtained from the α-D-glucose utilised in the glucose 
solution for the electroless Ag plating reaction (Figure 5.8).  The structure of 
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glucose is quite complex.  In solution glucose exists in several forms; an open chain 
form, α- and β- pyranose diastereoisomers (6 membered rings) as well as α- and 
β- furanose diastereoisomers (5 membered rings) [234].  At equilibrium the β-
pyranose anomer (Figure 5.9) is the most abundant (~64%) [235].  During the 
electroless plating process, the addition of Tollen’s reagent to the glucose solution 
oxidises the aldehyde group of the glucose (C1 in Fisher projection shown in Figure 
5.8) to a carboxyl group to form gluconic acid. The solution state Haworth 
structures of the pyranose diastereoisomers and the open chain gluconic acid 
structure are shown in Figure 5.9.  
 
Figure 5.8: Solid state Raman spectrum and chemical structure of α-D-glucose (used in 
electroless plating).   
 
 
Figure 5.9: The solution state Haworth structures of α-and β- D-glucose and gluconic acid. 
Table 5.2 summarises the major sharp peaks that are observed in the SERS 
spectra from the unsized CF (Figure 5.6). For comparison, spectral assignments for 
the different glucose anomers and gluconic acid, the likely oxidation products 
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from the reaction of glucose with the Tollen’s reagent (refer to Chapter 2, Section 
2.5.4) are included. Whilst many of the features appear to be associated with the 
glucose used in the Tollen’s reaction, the strong spectral features observed at 
1541, 1555 and 1614 cm-1 are not.  Features in this spectral region are typically  
attributed to the presence of amine and amide functionality [144, 236], the source 
of which could also be the Tollen’s reaction, given that the Tollen’s reagent is a 
diamine silver (I) complex (refer to Chapter 2, Section 2.5.4). While degenerate 
δ(NH3) modes are observed between 1624 and 1658 cm-1 in the aqueous Raman 
spectrum of diamine silver(I) complexes, these bands are relatively weak [237]. An 
additional band assigned to these modes is observed in the corresponding 
infrared spectrum near 1590 cm-1. Ammonium ion, NH4+, can also be present in 
the Tollen’s reagent solution and would exhibit Raman active bands attributed to 
degenerate bending modes near 1680 and 1400 cm-1 in the solution state [238, 
239] . 
 
Table 5.2. Comparison of the major sharp features observed in unsized CF SERS spectra to 
glucose and gluconic acid assignments from the literature.  
CF1 SERS 
spectra 
* 
Glucose Gluconi
c acid 
anion 
[240] 
 
Tentative 
assignments 
α-D- 
* 
α-D- 
[241] 
α-D- 
[211] 
β-D- 
[211] 
α-D- 
[242] 
 2962 
(s) 
     νas(CH2), 
νs(CH2)[226] 
 2947 
(s) 
     νas(CH2), 
νs(CH2)[226] 
 2892 
(s) 
     νas(CH2), 
νs(CH2)[226] 
 2878 
(s) 
     νas(CH2), 
νs(CH2)[226] 
1614 
(s) 
       
1582 
(m) 
     1594 νas(C=O)op[240]  
1555 
(s) 
       
1541 
(s) 
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1506 
(w) 
     1500-
1200 
(br) 
δ(CH), 
δ(OH)[240] 
 1460 
(m) 
1462 1459 
(m) 
1459 
(m) 
1460 1462 ϒ(CH3), δ(CH2), 
δ(COH)[242] 
δsc(CH2)[240] 
1426 
(m) 
 1433   1432  δ(CH) with 
some δ(OH) 
contribution[241
]  
1393 (w) 
1382 (w) 
       
1365 
(w) 
1377 
(w) 
1375   1374 1360 δ(CH) with 
some δ(OH) 
contribution 
[241], δ(CH3)[242], 
δ(C=O), 
δ(COH), 
δ(CCH)[240] 
1347 
(m) 
1346 
(m) 
1346 1346 
(m) 
 1345  δ(COH)[241] 
 1331 
(m) 
1335 1330 
(m) 
 1330  ω(CH2), δ(CH3), 
δ(COH)[242] 
1312 
(w) 
       
1283 
(m) 
 1298  1296 
(ms) 
1298   
1270 
(s) 
1272 
(w) 
1272 1272 
(m) 
1272 
(m) 
1276  δ(COH)[241, 242] 
1212 
(w) 
 1224     ω(CH2)[241] 
1198 
(w) 
       
  1153 1149 
(m) 
1149 
(m) 
  ν(CH), δ(CH), 
δ(COH)[241] 
1122 
(w) 
1120 
(m) 
1124  1120 
(ms) 
  δ(CH),  
δ(COH)[241] 
  1115 1108 
(m) 
    
 1075 
(m) 
1076 1075 
(m) 
1075 
(ms) 
  δ(CH), 
δ(COH)[241] 
 1055 
(w) 
1054 1054 
(m) 
1054 
(m) 
  δ(CH)[241] 
 1021 
(w) 
1022 1022 
(m) 
1022 
(m) 
1021  δ(COH)[241] 
 915 
(m) 
914 914 
(m) 
914 
(ms) 
916  ν(CH), 
δ(COH)[241] 
 842 
(m) 
840 841 (s) 841 
(ms) 
842  δ(CH)[241] 
 542 
(m) 
542 541 (s) 542 (s) 545  Skeletal 
modes[241, 242] 
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 406 
(m) 
405 407 (s) 405 (s) 408  Skeletal 
modes[241, 242] 
Intensity: vs=very strong, s=strong, ms=medium strong, m=medium, w=weak, vw=very 
weak, sh=shoulder, br=broad. 
Modes: ν=stretch, δ=in plane bend, γ=out of plane bend, ω=wag, τ=torsion, s=symmetric 
and as=anti-symmetric, sc=scissor, op=out of phase, ip=in phase. 
* Denotes work presented in this thesis. 
 
Based on the above analysis, the strong features observed in the 1541 to 1614 
cm-1 region of the Carbon Nexus produced fibres are not likely associated with 
amine functionality.  Two alternative assignments for these modes arise from the 
analysis of the bands observed for the Ag plated sized Panex 35 fibres presented 
in Table 5.1 where bands of moderate and strong intensity were observed at 1531 
and 1614 cm-1, respectively. In the case of the sized Panex 35 fibres these bands 
were assigned to a combination of amide I and II modes of a fatty acid amide 
contaminant picked up during storage and the ν(C=C)8a modes of the aromatic 
functionality present in an epoxy-based size. While the assignments to these 
functionalities are highly plausible, their origins are not. Unlike the Panex 35 
fibres, the Carbon Nexus produced fibres reported on in Table 5.2 were not sized 
and were handled and stored in a way to minimise contamination.  
 
5.3.3 Analysis of size  
One of the advantages of using samples from Carbon Nexus was the ability to 
source a sample of the actual size that was applied.  Access to samples of size and 
corresponding fibres from industry is very difficult to obtain, but by having both 
enables a more accurate understanding of the system being studied.   
 
Raman spectroscopy 
Xu and Li  suggest that decomposition of size on their fibres is occurring in SERS 
spectra recorded with laser powers above 0.26 mW [126]. To further investigate 
this, a cast film of the size applied to the Carbon Nexus produced fibres, Hydrosize 
EP834.S-PL, was analysed using a range of laser powers from 3.0 μW (0.003 mW) 
to 3.5 mW (Figure 5.10).  It was found that it is not until a laser power of 30.7 μW 
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(0.0307 mW) is utilised that bands associated with the size can be readily 
detected. 
 
Figure 5.10: Raman spectra of Hydrosize EP834.S-PL with increasing laser powers, 3.0 μW 
(black), 5.6 μW (red), 30.7 μW (blue), 50 μW (green), 0.3 mW (orange), 0.6 mW (pink), 
and 3.5 mW (purple).  
 
Comparison of the spectra over this laser power range did not show any 
indication of decomposition as evident from the comparison of the spectra 
recorded at 0.050 mW (50 μW) and 3.5 mW, shown in Figure 5.11. Note the 
spectrum recorded at 50 μW (black) has been smoothed (50%) and scaled to the 
same intensity as the 3.5 mW spectrum to enable direct comparison of spectral 
features. Attempts at collecting spectra using a laser power of 6 mW were 
unsuccessful due to decomposition of the size, evident by the discoloration of the 
sample and the inability to obtain a Raman spectrum.  No spectra were obtained 
from the size in the presence of Ag.  The application of Ag to a sample of size would 
have involved the submersion of a size coated substrate in the aqueous glucose 
solution.  There were concerns that this process would in fact remove the size 
from the substrate. This aspect is studied in the next section. Thus at this point, it 
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can only be concluded that the size was stable when exposed to laser powers up 
to 3.5 mW in the absence of Ag.  The introduction of Ag onto the sample may 
result in different thermal conditions when exposed to the laser. Further study of 
the effect of Ag nanoparticles on the thermal stability of the size is presented in 
Chapter 6, Section 6.3.3. 
 
Figure 5.11: Raman spectra of Hydrosize EP834.S-PL collected at different laser powers, 
3.5 mW (red) and 0.050 mW (black).  
 
5.3.4 Substantiveness of size on carbon fibre 
The size present on the CF surface helps prevent breakage, aids in processing 
and may diffuse into the resin in composites to form an interphase region that 
improves fibre-resin adhesion/cohesion [198].  This assumes that the size has 
adhered to the fibre surface. As there is no cross-linking occurring in the size and 
no chemical reactions occurring to bond the size to the fibre surface, it raises the 
question; does the size actually stay on the fibre surface during handling, storage 
and aqueous treatments? 
The substantiveness of the size on the fibres was investigated using FT-IR 
spectroscopy. The ability to detect size on the CF surface is limited using FT-IR 
spectroscopy due to the CFs strong absorption of the IR radiation.  Figure 5.12 
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shows the ATR spectra from the CFs as collected from the three samples, CF1 
(sized), CF2 (sized air dried) and CF3 (sized oven dried). As expected for an ATR FT-
IR spectrum obtained from CF, none of the spectra exhibit strong sharp features 
[84].  Weak features (marked), potentially attributable to size, are observed in the 
spectra obtained from the sized CFs. 
 
Figure 5.12: ATR FT-IR spectra obtained from unsized CF, CF1 (black), sized-air dried CF, 
CF2 (red) and sized-oven dried CF, CF3 (blue). 
 
After each of these spectra were collected, the fibres were removed from the 
IRE and another spectrum was recorded. The resultant spectra were indicative of 
any residues left on the IRE after the initial data collection.  These transfer residue 
spectra are shown in Figure 5.13 along with a spectrum obtained from the size 
(after evaporation of water).  The spectra are not normalised, with the exception 
of the size spectrum which has been scaled to the CF2 residue on the 1509 cm-1 
aromatic ring feature. 
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Figure 5.13: ATR FT-IR spectra obtained from transfer residues from CF1 (black), CF3 
(blue), CF2 (red), and Hydrosize EP834.S-PL (green).  
 
From these results it is clear that a residue, consistent with that of the size, is 
transferred from the sized CFs to the IRE purely by contact.  Whilst no organic 
transfer residue was detected from the unsized CFs, the transfer residue spectrum 
from the air dried sized CF (CF2) showed the most intense features.  Whilst this 
suggests more residue was present on the crystal, to conclude that the size was 
more readily removed from the air dried sample compared to the oven dried 
sample would assume the same amount of fibre was positioned on the crystal 
with the same contact and that there was initially the same amount of size present 
on both samples of CF.  As these assumptions cannot be validated, no definitive 
conclusion can be drawn regarding the amount of size transferred to the crystal.  
One can however conclude that the size used on these CFs would potentially 
transfer to other CF surfaces when wound onto spools, surfaces of any packaging 
the CFs are in contact with, and any other surfaces encountered during handling, 
further processing and storage.   
Given that the size was observed to readily transfer from the CF to the IRE, an 
attempt was made to investigate the substantiveness of the size in water.  This 
was of particular interest given that both the SERS approaches trialled up to this 
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point, i.e. the colloidal Ag and the electroless plating of Ag, involved the use of 
aqueous solutions.   To this end, aqueous extractions were carried out on the 
three Carbon Nexus CF samples. 
The details of the room temperature aqueous extractions are given in 
Chapter 2, Section 2.5.7.  Figure 5.14 shows the FT-IR spectra obtained from the 
residue left after evaporation of the aqueous extractions along with the spectrum 
of the size.   Although the spectra from the extractions are very weak with low 
signal to noise, especially at the lower wavenumber region, features consistent 
with the size are detectable in the spectra from the extracts from both of the sized 
CFs. 
 
Figure 5.14: FT-IR spectra from aqueous extractions from CF1 (black), CF3 (blue), CF2 (red), 
and a spectrum of the size (green).  
 
These results indicate that the size present on the CF surface can be removed 
during exposure to aqueous environments.  
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5.4 Discussion  
5.4.1 Electroless plating 
The application of Ag nanoparticles to the CF surface using an Ag colloidal 
solution, reported on in Chapter 4, did not produce the level of coverage of Ag 
nanoparticles expected.  In order to improve the coverage of these nanoparticles 
along the CF surface an electroless plating technique was trialled.  This method 
was based on the Tollen’s reaction where an aldehyde, in this case glucose, is 
oxidised to a carboxylic acid by Ag+, resulting in the formation of Ag metal.  
Typically the Ag forms as a thin coating on the inner glass surface of the reaction 
vessel, however, if CF samples were present in the glucose solution when the 
Tollen’s reagent was added it was expected that some of the Ag would be 
deposited onto their surface as well. 
Whilst initial electroless plating was performed on the Panex 35 fibres, due to 
potential contamination on the surface, the procedure was repeated on a set of 
CF samples obtained from Carbon Nexus. The SEM images obtained from the 
electroless plated CF surfaces suggested a much better coverage of Ag compare 
to the colloidal sol approach, however the coverage was not even or consistent 
across the fibres.  The coverage of Ag was found to be similar to others reported 
to produce SERS effects [166]. The particle sizes obtained were however not in the 
range desired for optimised SERS response.  Kvitek et al. [243] reported a one-step 
Tollen’s-based chemical reduction route towards SERS active Ag colloid particles 
with controllable sizes ranging from 45 to 380 nm. The concentration of ammonia 
in the reaction mixture and the choice of the reducing sugar are the key 
parameters in the control of particle size. This approach could have been 
undertaken if the initial SERS results on CF looked promising. 
The SERS of the electroless plated CF samples yielded spectra similar to those 
observed from the colloidal Ag approach.  Many of the features observed in the 
SERS spectra appear to be residual from the generation of the Ag nanoparticles.  
SEM images of CFs coated in Ag from Tollen’s reaction show Ag particles 
encapsulated in a substance (refer to Figure 5.1).  It was expected that the rinsing 
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of the CFs after the reaction would remove the excess reaction chemicals or 
products; however this does not seem to be the case.  
Also similar to the colloidal nanoparticle approach, the lack of spectral 
reproducibility was also found to be an issue.  This may likely be due to the laser 
heating of the sample which can be enhanced due to the presence of the Ag 
nanoparticles as well as the radiation absorbing nature of the black CFs in the 
visible region of the electomagnetic spectrum.  There have been many reports in 
the literature [244-246] demonstrating the effects of sample heating due to the 
laser used in Raman spectroscopy.  Attempts to limit sample heating by lowering 
the laser power to the minimum required to obtain a viable spectrum was not 
found to stabilise the samples.  
The heat may be causing decomposition of surface species present on the CF 
including the size and residuals of the compounds used or generated during the 
application of the Ag (e.g. glucose).  The heat can also increase the mobility of 
these compounds causing them to migrate and possibly return to the location 
under analysis during heating and cooling cycle associated with sequential data 
collections from the same spot. There was also the possibility that the heat 
generated may cause slight movement of the Ag particles and/or the sample so 
that when successive scans were run the spectra were not collected from exactly 
the same location, however this is not as likely as the heat causing decomposition 
or increased mobility.   
While an overall enhancement of the CF spectra (D and G bands) was observed 
as a result of the application of Ag nanoparticles via the electroless plating 
method, no conclusive enhancement of features attributable to size was evident. 
5.4.2 Size 
The use of the Carbon Nexus samples also enabled the investigation of the size 
used. The size was found to be stable across a range of laser powers, including the 
ones utilised in this work.  No sample of size after application of Ag was 
investigated as the application of electroless plating to a sample of size dried onto 
a substrate was complicated by the apparent solubility of the size in the aqueous 
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solution. This possibility raised the question of how well the size adhered to the 
CF.   
The commercial application of size involves passing the CF tow through an 
aqueous emulsion of size followed by a pass through an oven at approximately 
210°C.  The temperature is set purely to drive the water off prior to winding the 
tow onto the spool.  Infrared analysis was used to investigate the substantiveness 
of the size on the CF.  A sample of the size, Hydrosize EP834.S-PL was also 
analysed.  Consistent with the Raman spectrum of the size in Chapter 4, Section 
4.3.2, the FT-IR spectrum was also found to be consistent with that of a 
diglycidylether of bisphenol A (DGEBA) [216, 217].  The curing process of DGEBA 
epoxy usually involves the use of a hardening agent, and results in a significant 
reduction in the intensities of the 917 and 1250 cm-1 bands, ν(C-O) and ν(C-C-O-
C) of the epoxy ring respectively, as they are typically consumed by the 
crosslinking process [247]. As no hardening agent is utilised in conjunction with 
the size, and a comparison of the FT-IR spectrum of the size to the residue spectra 
from the sized CFs (Figure 5.13) does not reveal any significant intensity 
reductions, it is not likely that crosslinking has occurred.   In a CF composite the 
size and the resin interact to form an interphase region (refer to Chapter 1, Section 
1.2) and this interaction would likely be hindered if the size was crosslinked. 
The size was found to readily transfer from the fibre to the IRE, further 
supporting the lack of cross-linking.  It was also determined that some if not all of 
the size was removed in water. Based on this finding, the application of colloidal 
Ag and the electroless plating of Ag on CFs to produce SERS of the size are not 
ideal.  Given that the distribution of size along the fibre surface is of great interest, 
the disruption of the size layer with water when applying a SERS active component 
will not produce reliable information regarding the true distribution of the size. 
 
5.5 Conclusions 
Electroless plating, based on the Tollen’s reaction, was used to generate Ag 
nanoparticles on the surface of CFs.  Whilst the coverage was not uniform along 
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the CFs, the amount of Ag deposited was significantly more than that achieved 
with the colloidal method (Chapter 4).  The SERS spectra obtained from CFs after 
electroless plating exhibited features attributable to the reactants and products 
of the plating technique and/or their decomposition products.  The surface 
species responsible for these features do not appear to be stable under extended 
laser exposure, resulting in a lack of reproducibility in sequential spectra.    
The size applied to the CFs was found to be stable to laser powers of up to 3.5 
mW in the absence of Ag. Further, it was found that the size on the CF was readily 
transferred from the fibres during handling and testing, and that exposure to an 
aqueous environment can also remove the size.  These results suggest that 
application of Ag to CFs using an aqueous based technique, whether it be colloidal 
or electroless plating, will potentially affect the distribution of size along the fibre 
with the possibility of removing it all together.  As the ultimate aim was to develop 
a SERS technique to detect the size on the CF surface with the view to monitor its 
distribution, it can be concluded that the use of aqueous based Ag application 
methods are not viable approaches for this end.  The use of sputter coating, non-
aqueous based approach for the generation of SERS activity on CF is explored in 
the next chapter of this thesis. 
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CHAPTER 6 
A sputter coating approach to SERS on carbon fibre 
In this chapter the use of Au and Ag sputter coating is investigated as a potential 
SERS agent to enable the detection of size on the CF surface.  The aqueous 
approaches investigated in Chapter 4 and 5 resulted in residual compounds 
remaining on the CF surface after Ag deposition.  The spectral features of these 
compounds complicated the detection of size on the CF surface.  Further, it was 
shown that the aqueous methods had the potential to remove size from the CF 
surface.  The use of sputter coating should avoid these complications. The thermal 
decomposition of the size is also investigated as well as the interaction of the size 
with Ag nanoparticles.  
 
6.1 Introduction 
As pointed out in the previous chapters, the ability to detect size and its 
distribution along the CF surface is of interest to industry with respect to CF 
performance in composites [2, 28, 68, 198, 248]. SERS is a method that has been 
used to enhance the Raman signal from the near surface of various samples, 
including carbon based materials [54-56, 71, 125, 126, 166, 200].  It has the 
potential to detect surface species not detected using conventional Raman 
spectroscopy, such as the thin layer of size on the CF surface. 
Ag nanoparticles are commonly used to facilitate the SERS phenomenon [154, 
155].  In Chapter 4 and 5, aqueous techniques for the generation of Ag 
nanoparticles and their application to CF were investigated.  Achieving a uniform 
coverage of Ag nanoparticles of an optimum dimension was found to be difficult.  
Both methods evaluated, colloidal Ag and electroless plated Ag, left residual 
species on the CF surface, complicating the detection of size. Further, it was found 
that the size could be removed upon exposure to aqueous conditions, leading to 
the conclusion that an aqueous based approach was not suitable. 
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Other possible approaches for applying nanoparticles for SERS, are sputter 
coating and vapour deposition. Both Ag and Au have been shown to produce SERS 
affects with various samples, including carbon based materials [54-56, 125, 200]. 
The use of Ag typically results in higher enhancement factors compared to Au 
[155, 249].  The use of a 514 nm excitation for the work in this thesis is also more 
favourable to the use of Ag, as Au absorbs more strongly at ~500 nm [154, 249].  
One  benefit of Au is the stability of the coating [125].  Ag has been reported to 
rapidly absorb species from the atmosphere and oxidise readily compared to the 
more inert Au [154].   
Meyer et al. compared the SERS effects of Ag and Au on carbon filaments.  They 
found that both gave enhancement, but Ag gave the most intense spectrum [125].  
Ishida et al. found that Ag films 50-100 Å (5-10 nm) thick gave enhanced spectra 
from carbon materials [54].  Their work showed a change in the D/G ratio obtained 
for a single graphite fibre with the application of Ag, and suggested an increase in 
the D band intensity in the SERS spectrum was indicative of a more disordered 
carbon structure on the outermost surface compared to the bulk.  They also 
detected a new Raman band at approximately 1140 cm-1 which they attributed to 
the C-C stretching vibration of a polyene type of structure, (-C=C-C=C-)n. This type 
of structure can be formed from the breakdown of the graphene ring system. 
With the exception of the work done by Xu and Lu [126] who suggest the 
additional spectral features observed in their SERS spectra were attributable to 
size on the fibres [126], others have made no mention of the direct detection of 
size. Whilst it is highly likely the size applied to the fibres utilised in the research 
by Xu and Lu [126] was epoxy based no attempt was made to isolate the size from 
the fibres and correlate the features directly with those observed in the SERS 
spectrum from the CF.  
In this chapter, the sputter coating of Au and Ag is investigated as a possible 
approach to generate a SERS spectrum of the size on CF. Thermal decomposition 
of the size is also investigated. Finally, an investigation into the effect of the 
presence of Ag nanoparticles on the Raman spectrum of the size is also 
undertaken. 
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6.2  Materials and methods 
The CF samples used for this work were the Carbon Nexus samples; CF1 
(unsized, air dried), CF2 (sized, air dried) and CF3 (sized, 210°C oven dried), 
described in Chapter 2, Section 2.5.4. 
The sputter coating methodologies utilised in this chapter for the generation of 
metal nanoparticles for SERS can be found in Chapter 2, Section 2.5.5. Au sputter 
coating was applied to each of the CF samples at 1, 5 and 10 nm thicknesses.  Only 
1 and 5 nm thick layers of Ag where sputter coated onto the CF samples. Thick 
layers of size were sputter coated with 1 and 5 nm layers of Ag, whilst the thin 
layers of size and the stub samples had 5 nm Ag applied. Characterisation of the 
coated fibres was undertaken using SEM as described in Chapter 2, Section 2.5.6.  
TGA analysis of Hydrosize EP834.S PL, after evaporation of water, was carried 
out as described in Chapter 2, Section 2.5.7. 
FT-IR Spectra of the Hydrosize EP834.S PL after exposure to elevated 
temperatures in the TGA were obtained using GladiATR ATR accessory fitted with 
a diamond IRE, as described in Chapter 2, Section 2.1.4.  
Raman spectroscopic data collection details are presented in the following 
section. 
 
 Raman conditions  
All spectra were collected on the Renishaw inVia Raman microscope using a 
x 50 objective in normal mode (non-confocal) using the standard CCD detector 
and the 514 nm argon ion laser. As discussed in Chapter 4, Section 4.2.1, the use 
of confocal mode was actually detrimental to the aims of this research with the 
normal mode giving better signal to noise with lower data collection times. The 
laser power utilised was determined for each specific experiment to avoid sample 
decomposition whilst producing viable spectra. 
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Gold coated carbon fibres 
Initial spectra were obtained from the carbon fibre sample CF3 after the various 
levels of sputter coating.  These spectra replicated the conditions used for the 
electroless plated samples, i.e. a single scan using a laser power of 0.003 mW and 
a 10 s exposure time. 
Further analysis involved the testing of three different spots on three randomly 
chosen fibres using a laser power of 0.32 mW. Each spectrum was the co-addition 
of 2 scans after a 20 s exposure time.  Data was collected over a 2000-500 cm-1 
range.  Spectral processing included the application of a two point baseline 
correction (1900 and 750 cm-1) and a 50% smoothing function. These data 
collection parameters were also utilised for the analysis of CF1 and CF2 with 5 nm 
Au coating as well as with no coating. 
 
Silver coated carbon fibres 
Three different spots on three randomly chosen fibres were assessed for each 
sample using a laser power of 0.32 mW. Each spectrum was the co-addition of 2 
scans after a 20 s exposure collected over 2000-500 cm-1 range.  A two point 
baseline correction (1900 and 750 cm-1) were applied to all spectra. 
 
Size samples 
Thick layers of Hydrosize EP834.S PL size were prepared by spreading the 
concentrated size onto Al SEM stubs using a needle (refer to Chapter 2, Section 
2.5.7). These samples were analysed using a laser power of 0.32 mW and each 
spectrum was the co-addition of 2 scans. Prior to data collection the samples were 
exposed to the laser for 10 s.  
Thin layers of size were prepared by spraying a diluted solution of size onto the Al 
SEM stubs using an air gun, as described in Chapter 2, Section 2.5.7.  Spectra were 
obtained from these samples using a laser power of 0.32 mW, with the exception 
of a series of spectra collected using a range of laser powers between 0.0001 and 
0.58 mW.  Each spectrum was the result of a single scan after a 20 s exposure time.  
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The same data collection conditions were utilised for obtaining spectra from the 
Al stub before and after Ag coating, and the masked sample (refer to Chapter 2, 
Section 2.5.7).  
 
6.3 Results 
 Gold sputter coating 
Gold sputter coating was investigated first due to the availability of the 
equipment and Au sputtering target.  Three different thicknesses of Au, 1, 5 and 
10 nm, were applied to the CF samples obtained from Carbon Nexus. 
 
SEM of gold coated fibres 
The SEM images obtained from the fibres after Au coating are shown in Figure 
6.1.  There were no distinguishable differences between the fibres after the 
application of various thicknesses of Au.  They are also very similar to those 
obtained from the uncoated CFs.  
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Figure 6.1: Typical SEM images obtained from Au sputter coated CFs: left to right CF1 
(unsized, air dried), CF2 (sized, air dried), CF3 (sized, 210°C oven dried), uncoated (top), 1 
nm and 5 nm (middle), and10 nm (bottom) coating thicknesses. 
 
SERS 
 Figure 6.2 shows representative Raman spectra from CF3 fibres with the 3 
levels of Au applied and run under the same conditions as the electroless plated 
Ag CF3 sample (laser power of 0.003 mW) from Chapter 5. The spectra obtained 
were in general featureless with no indication of any spectral enhancement 
observed at this low laser power (0.003 mW).  The weak feature observed at 
approximately 3100 cm-1 was also observed in the spectra from sized and unsized 
CFs with no Ag or Au present. 
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Figure 6.2: Raman spectra obtained from CF3 fibres after Au coatings at 3 thicknesses; 1 
nm (blue), 5 nm (red), and 10 nm (black). 
 
As no spectral features were observed using the low laser power, the data 
collection parameters were altered in an attempt to increase the Raman 
scattering signal.  The laser power was increased to 0.32 mW while the exposure 
time and number of scans were both doubled.  Using these new parameters, three 
randomly chosen CF3 fibres were analysed after application of Au at the 3 
different levels as well as without Au. Three spots were analysed on each of the 
fibres, resulting in 9 spectra from each coating level.  Using this approach would 
give an indication of variation within a given coating level, both along a single fibre 
as well as across several fibres.  
The Raman spectra obtained using these modified collection parameters 
(Figure 6.3) now exhibit the D and G bands indicative of CFs, however no sharp 
features indicative of the size was observed. In each data set (coating level) the 
spectra from a given fibre are represented by the same colour.  A significant 
variation in the intensity of the spectra obtained from the same coating thickness, 
and even the same fibre from any given thickness, is observed. A similar variation 
was also observed for the uncoated sample. 
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Figure 6.3: Raman spectra obtained from Au coated CF3 fibres (the vertical scale is the 
same for all plots). 
 
If all the Raman spectra are overlaid on one graph, the presentation becomes 
very congested (Figure 6.4). Whilst there appears to be no overall enhancement 
of the intensity of the D or the G features with the application of 1 or 5 nm of Au, 
the application of 10 nm appears to have a negative impact on the intensity of the 
features. This result, suggesting that more intense spectra are actually obtained 
from the uncoated CF in comparison to the 10 nm Au coated sample, is likely due 
to the thickness of the Au.  The presence of 1 and 5 nm layers of Au did not affect 
the intensity of the spectra obtained from the CF suggesting that there was no 
generation of surface plasmons and/or interaction of Au with surface species.  The 
increased Au thickness in the 10 nm coated samples is likely to reduce the 
penetration of the laser into the CF.  It could also limit the detection of the 
scattered photons.  
This result was not expected, as Meyer et al. [125] demonstrated a SERS effect 
using a 30 nm Au coating on CF. However, Zhou et al.[250] found that when using 
a 514 nm laser excitation, no SERS enhancement was observed when a 2 nm Au 
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layer was coated onto graphene but an equivalent layer of Ag did produce 
enhancement.  Further, they found that changing to 633 nm excitation did result 
in enhancement of the graphene signal after a 2 nm Au coating.  It was concluded 
that a difference in the surface plasmon resonance of Au and Ag at the different 
excitation wavelengths were likely responsible for these results. 
 
Figure 6.4: Raman spectra obtained from CF3 fibres coated with various thicknesses of Au: 
10 nm (purple), 5 nm (green), 1 nm (blue) and 0 nm (red). 
 
  The application of Au also appears to induce a slight change in the relative 
intensity of the D band to the G band as shown in Table 6.1.  The reduction in the 
D/G value, an increase in the G band intensity relative to the D band intensity, 
suggests a more graphitic structure. To confirm that this trend of reduced D/G 
values after the application of Au was not unique to the sized CF3 fibres, the D/G 
values were calculated for spectra obtained from both uncoated and 5 nm Au 
coated CF1 and CF2 fibres (spectra not shown). These results have been included 
in Table 6.1.  T tests (one way ANOVA) suggest that for all coating levels of each 
fibre type (CF1, CF2 and CF3), the D/G values for the corresponding uncoated 
fibres are substantially different to those of the coated samples.  
Statistical comparison (ANOVA) of D/G values for the different levels of Au 
coating on CF3 suggest that only the values for the 1 and 5 nm coatings are 
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statistical different. Given that these results are based on a small number of 
samples (n = 9), care must be taken on the interpretation of any statistics 
generated. Although some of the D/G values are statistically different, the overall 
spread in these values is relatively small, and thus any variation in graphitic 
structure on the fibre surface is not likely to result in any significant changes in the 
fibre’s behaviour when incorporated into a composite.  The standard deviations 
of the coated samples are also higher than that of the uncoated, suggesting a 
more heterogeneous surface.    
 
Table 6.1. Average D/G values for CFs with various thicknesses of Au coating (standard 
deviations in parentheses). 
Sample 
Average D/G values (n=9) 
0 nm 1 nm 5 nm 10 nm 
CF3 0.8749 (0.0128) 0.8496 (0.0314) 0.8117 (0.0282) 0.8353 (0.0327) 
CF2 0.8841 (0.0131) - 0.8393 (0.0172) - 
CF1 0.8914 (0.0129) - 0.8265 (0.0273) - 
 
 Ishida et al. found that the presence of Ag films on commercial  graphite fibres 
lead to an increase in the D band relative to the G band and suggested the SERS 
spectrum was indicative of a more disordered carbon structure on the outermost 
surface of the CF compared to the bulk [54]. They do not state whether this 
graphite fibre had been sized but being a commercial fibre it is likely to be. 
Tadayyoni and Dando [56] also found that the SERS spectrum obtained from 
unsized graphite fibre using a silver overcoat technique indicated a more 
disordered structure compared to conventional Raman spectra from the same 
surface.  They also found that deposition rates greater than 1 Å/s (0.1 nm/s) could 
lead to broader, less intense bands for samples of graphitic carbon. The deposition 
rates for all samples in this work (refer to Chapter 2, Section 2.5.5) were 
approximately 0.2 nm/s, and no band width differences were observed between 
the spectra from the coated and uncoated CF samples.  
The results presented in this work, with an increase in the G band intensity 
relative to the D band (D/G reduction), suggest that the outer most surface may 
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have a higher graphitic content compared to the bulk. This is in contrast to the 
findings of others as discussed above.  It should be pointed out that a large amount 
of this earlier work was carried out using Ag sputter coatings. The few works that 
studied both coatings found differences in the results obtained. To further 
investigate this, Ag sputter coating is investigated in the next section of this thesis. 
 
 Silver sputter coating of carbon fibre 
Silver sputter coating was utilised to apply 1 and 5 nm Ag coatings to the Carbon 
Nexus produced CFs, CF1 through CF3. 
 
SEM of silver coated fibres  
The SEM images obtained from the CF1, CF2 and CF3 fibres after Ag coating are 
shown in Figure 6.5.  There were no distinguishable differences between the fibres 
after the application of the two different Ag thicknesses.  The coating does not 
produce any detectable differences from the uncoated samples.  
 
Figure 6.5: Typical SEM images obtained from Ag coated CFs: left to right CF1 (unsized, air 
dried), CF2 (sized, air dried), CF3 (sized, 210°C oven dried), uncoated (top), 1 nm (middle) 
and 5 nm (bottom) Ag. 
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SERS 
 Figure 6.6 shows the Raman spectra obtained from 3 spots on 3 different fibres 
from each of the CF samples after no coating, 5 nm Au and 5 nm Ag coatings.  The 
spectra obtained from the unsized (CF1) and sized CF samples (CF2 and CF3) after 
a 5 nm Ag coating, suggested that there was potentially an enhancement in the 
spectral intensity when compared to the uncoated and 5 nm Au coated samples. 
Further, the spectra from the Ag coated sized CFs are not characteristic of a typical 
CF spectrum.  These findings will now be discussed in detail. 
The CF spectra obtained after Ag coating (green trace) were found to be more 
intense than those of the uncoated (blue trace) or the gold coated (red trace) CFs 
for each of the three different fibre samples.  A comparison of average G band 
intensities for uncoated and Ag coated CF3 fibres suggest the intensity was up to 
five times more intense with the Ag coating. The range of enhancement however 
varied greatly, as low as 1.4 and as high as 23 times that of the untreated fibres. 
Ag coated CF2 fibres gave an average of eight times the enhancement of the 
uncoated based on G band intensity with a range of 7.4 to 16.4 times 
enhancement. An average of seven times the enhancement of the uncoated based 
on G band intensity with a range of 4.4 to 10.8 times enhancement was observed 
for the unsized fibre CF1.   
In terms of overall spectral enhancement, the Ag coatings were significantly 
greater than those observed for similar Au coatings. The results obtained however 
are not of the order of magnitude expected for a SERS enhancement. Such a broad 
range of G intensities makes estimating a meaningful value for an enhancement 
factor difficult, however there appears to be an enhancement of the spectral 
intensities. 
 
 
 
186 
 
 
Figure 6.6: Raman spectra obtained from 3 spots on 3 different fibres from CF3 (top), CF2 
(middle) and CF1 (bottom).No sputter coating (blue), 5 nm Au coating (red), and 5 nm Ag 
coating (green). 
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Table 6.2 compares the average D/G values calculated from the uncoated, Au 
and Ag coated CFs.  The average D/G values calculated for the samples with no Ag 
coating where very similar regardless of whether there was size present or not, 
0.89, 0.88 and 0.87 for CF1, CF2 and CF3 respectively. The D/G values for the Au 
coated samples were reduced compared to the uncoated samples (as discussed 
above), but a more significant reduction in D/G values was observed for the Ag 
coated sized CFs. The standard deviations of the D/G values calculated from Ag 
coated sized CFs was greatly increased compared to the Au coated samples.  This 
suggests a significant degree of variation within a given sample.    
 
Table 6.2. Average D/G values calculated from the spectra shown in Figure 6.6 as well as 
spectra obtained from and 1 nm coated fibres (standard deviations in parentheses). 
Sample 
Average D/G values (n=9)  
0 nm 5 nm Au 5 nm Ag 1 nm Ag 
CF3 0.8749 
(0.0128) 
0.8117 
(0.0282) 
0.6608 
(0.0525) 
0.6658 
(0.0571) 
CF2 0.8841 
(0.0131) 
0.8265 
(0.0273) 
0.6320 
(0.0420) 
0.6576 
(0.0873) 
CF1 0.8914 
(0.0129) 
0.8393 
(0.0172) 
0.8680 
(0.0178) 
0.8826 
(0.0153) 
 
  When a 5 nm layer of Ag was sputter coated onto the fibres at a similar 
deposition rate to that used for the Au coatings, the spectra from the sized CFs 
were grossly different to those from the unsized fibre, and the D/G values 
obtained were very low, 0.63 and 0.66 for CF2 and CF3 respectively.  Similar results 
were observed when the Ag coating was reduced to 1 nm thickness (spectra not 
shown).  In contrast, the D/G values for the 1 and 5 nm Ag coated control CF1 fibre 
(no size) were 0.88 and 0.87 respectively which are similar to the D/G for the 
uncoated CF1 fibres (0.89). Whilst the reduction in D/G values for the Ag coated 
sized CFs might suggest an increase in graphitic structure, the broadening of 
spectral features and the lack of consistency with spectra obtained from the 
unsized CF suggest the spectra observed are not purely enhanced CF spectra and 
further analysis is required.   
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To investigate whether the data collection parameters were contributing to the 
unusual spectra obtained from the Ag coated sized CFs, the CF3 5 nm Ag coated 
sample was subjected to a range of different data collection parameters including 
lower laser powers, lower exposure times and single accumulations, all aimed to 
limit possible sample decomposition.  Although the spectra obtained were very 
noisy (not shown), the  D/G ratios calculated from these spectra, obtained under 
the various spectral conditions tried, all gave ratios less than 0.65, suggesting the 
collection parameters did not play a role in the spectral differences observed 
between CF3 fibres with and without Ag.  A different sample of unsized CF, 
sourced from the Carbon Nexus facility (Control 2 in Chapter 7), was analysed and 
found to give results consistent with CF1. 
Unlike the spectra obtained from CF1, those obtained from CF3 and CF2 after 
the application of Ag are not typical of that expected from a CF.  One Raman 
spectrum obtained from each of the CF3 samples after the 5 nm Au and Ag 
coatings, along with a Raman spectrum obtained from uncoated CF3 fibres are 
shown in Figure 6.7. The spectra have been normalised on the G band in order to 
illustrate the changes in the D band relative to the G band and/or any potential 
changes in peak widths. The spectra from the uncoated and the Au coated fibres 
are quite similar, but the spectra from the Ag coated sample exhibited widening 
of the G band and a distinct reduction of the D band intensity.  
Some spectral variations were observed across the spectra obtained from the 
5 nm Ag coated CF3 fibres, however, all exhibited additional features at 1172 and 
663 cm-1. Features in these regions have been identified in spectra of DGEBA, the 
main component of the size applied to these fibres, and attributed to ν(C-C-O-
C)[219] and ν(C-C)[217] for the 1172 cm-1 band and the aromatic ϒ(C-H)[217] in 
the case of the 663 cm-1 feature.  Whilst the D/G values show significant 
reductions for the Ag coated sized CFs, the comparison of these results to those 
obtained from Ag coated unsized CF may be misleading, as the distinct D and G 
bands associated with the CF spectra are no longer consistent.  The aim of this 
work was to detect the size on the CF surface, not just produce a SERS spectrum 
of CF.  Given the unusual spectra obtained from the Ag coated sized CF samples, 
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further investigation is required to determine if this is in fact due to the presence 
of size on the CFs.  
 
Figure 6.7: Comparison of single Raman spectra obtained from CF3 with no coating 
(green), 5 nm Au coating (blue) and 5 nm Ag coating (red). 
 
A comparison of a scaled Raman spectrum of Hydrosize EP834.S PL, the size 
applied to these fibres, to that of a typical Raman spectrum from 5 nm Ag coated 
CF3 is shown in Figure 6.8.  There are no distinctive features attributable to the 
size evident in the CF3 fibre spectrum. The features observed at 1172 and 663 cm-
1 in the SERS spectra from Ag coated CF3 in Figure 6.7 correlate to only weak 
features in the spectrum of the size. A feature similar to the broad 1172 cm-1 band 
was observed at 1150 cm-1 in  spectra from CFs in Chapter 3, and attributed to 
impurity ions [38] or C-C and C=C stretching of polyene like structures [183, 184] 
or disordered graphitic lattice [185].   
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Figure 6.8: Raman spectral comparison of Hydrosize EP834.S PL (blue) to the Ag coated 
CF3 fibre (red). 
 
The changes observed in the spectra obtained from the Ag coated sized CF 
samples compared to the unsized CF suggest that there may be a size-silver 
nanoparticle interaction occurring.  This is now investigated through a series of 
experiments carried out with pure size that was obtained from the Carbon Nexus 
facility.  One of the benefits of making commercial grade CF at the Carbon Nexus 
facility was being able to source a sample of the size applied.   
 
 Size-silver nanoparticle interaction 
In order to understand the interactions taking place between the size and silver 
atoms produced by the sputter coating method that were resulting in the unusual 
CF spectra, a series of experiments were conducted using size without the 
presence of CF. Initial experiments were carried out using a thick layer of size 
(refer to Chapter 2, Section 2.5.7) with and without a 5 nm Ag sputter coating. The 
Raman spectra obtained, shown in Figure 6.9, did not show any significant spectral 
differences, however on closer examination the coated sample appeared to have 
a slightly elevated baseline between 1000 and 1750 cm-1.  No enhancement factor 
could be estimated from this work as the spectra were collected from different 
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locations and thus the thickness of the size was likely to have varied. The 
enhancement factor is further investigated later in this section using a more 
controlled method for producing the size film. 
 
Figure 6.9: Raman spectra obtained from size with 5 nm Ag sputter coating (red) and with 
no Ag coating (black). 
 
A second sample of size as produced using this method was utilised to 
investigate the effect of laser power on the sample. In this case, the size was 
sputter coated with 1 nm Ag and the Raman spectra (Figure 6.10) were obtained 
using 2 accumulations and a 20 s exposure time over a 0.0022 to 0.58 mW laser 
power range. Nothing was observed to suggest there was any degradation of the 
size with increasing laser power in the presence of Ag, with the exception of a 
slight increase of the baseline between 1000 and 1750 cm-1, as observed in the 5 
nm coated size sample. The layers of size used for these experiments were 
significantly thicker than that which would be present on a CF.   
The thickness of the size layer may affect the extent of any interaction with the 
Ag nanoparticles and/or laser power. It is possible that as the size is transparent 
to the 514 nm laser, the results may be influenced by the bulk of the size rather 
than the interactions occurring at the surface.  The thickness of the size may also 
play a role in the way any heat generated from the laser dissipates through the 
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sample.  A thicker layer of size may improve the dissipation if more heat is 
generated in the presence of the Ag coating, or if the Al SEM stub also contributes 
to the heating of the sample.  The effect of reducing the thickness of the layer of 
size on the resulting SERS spectra was investigated next.  
 
Figure 6.10: Raman spectra obtained from Hydrosize EP834.S-PL with a 1 nm Ag coating 
using increasing laser powers, 0.0022 mW (black), 0.0038 mW (red), 0.0215 mW (blue), 
0.04 mW (green), 0.32 mW (purple) and 0.58 mW (orange). 
 
In an attempt to determine the actual SERS enhancement factor induced by Ag 
sputter coating on the size, a new set of samples were prepared.  The layer of size 
on CF is very thin, on the order of 30-100 nm, whilst this could not be readily 
achieved on an SEM stub due to surface tension of the size solution, causing 
beading of the size, a new approach was undertaken to achieve a much thinner 
layer of size than previously analysed.  To achieve this thin layer, the size was 
diluted with DI water and then applied to the aluminium SEM stub via an air brush 
gun (refer to Chapter 2, Section 2.5.7).  Based on comparison of the intensity of 
the 1608 cm-1 feature obtained from thick and thin layers of size on Al SEM stubs 
(collected under identical conditions), the layer applied using the air brush gun 
may be up to 10 times thinner than the thick layer.   The water was evaporated 
from the stub at room temperature prior to Raman analysis.  To further improve 
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on the previous experiment, the SEM stub was pre-scored to enable reproducible 
relocation of the same spot for analysis before and after Ag coating.  
The Raman spectra shown in Figure 6.11 were obtained from the same spot on 
a thin layer of size before and after a 5 nm Ag coating.  There was an increase in 
the intensity of the spectra after Ag coating, but there was also a change in the 
spectral features in the 1000-1750 cm-1 region.  The intensity of the broad 
dominant feature at ~1580 cm-1 in the spectra from the Ag coated size appears to 
decrease with increasing laser exposure time, whilst the features in the 2825-3125 
cm-1 region appear to increase with exposure time. These changes, especially the 
decreasing intensity, suggest the presence on unstable surface species.  
 
Figure 6.11: Raman spectra obtained from the same spot on a thin layer of size, before Ag 
coating (red), and after one scan (blue),  two scans (green), and three scans (yellow) on 
the Ag coated size. 
 
The Raman spectra obtained from the Ag coated thin size samples, Figure 6.11, 
appear very similar to those obtained from the Ag coated sized CFs (Figure 6.6), 
however spectral features consistent with size are now observed.  Comparison of 
the intensity of the features at ~638 cm-1 (ϒ(C-H) [217, 219]) and ~817 cm-1 (δ(CCC) 
[144, 203]) in the spectra from the uncoated size and the initial scan after Ag 
coating suggest an enhancement factor on the order of 4.  This is well below levels 
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of enhancement reported when using Ag for SERS on other substrates. As shown 
in Figure 6.12, by comparison to an appropriately scaled Raman spectrum 
obtained from the size film without Ag coating, the size features are readily 
observed in the coated spectrum. Detection of the features attributable to size in 
the 1000-1700 cm-1 region of the spectrum from the coated size are complicated 
by the presence of strong, broad features and possible increased background 
fluorescence. Based on this success of detecting a thin layer of size on the SEM 
stub the effect of laser power exposure on the size was next investigated. 
 
Figure 6.12: Scaled Raman spectra obtained from the same spot on a thin layer of size, no 
Ag coating as collected (red), no Ag coating scaled (x5)(black) and with Ag coating after 
three scans (yellow). 
 
The laser power used for this experiment was the same as that was used in this 
thesis for the investigation of size on CFs. It was not expected that a laser power 
of 0.33 mW would cause the size to decompose, as spectra obtained from the size 
on an Al stub, in the absence of Ag, did not indicate any degradation with 
increasing laser power (refer to Chapter 5).  As the work in Chapter 5 had been on 
a thick layer of size the experiment was repeated. A thin layer of size (without Ag) 
exposed to a range of laser powers up 0.58 mW did not show any indication of 
degradation (spectra not shown). Using thin layers of size, as above, is a better 
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representation of the size on the CF surface. In the presence of Ag, the thickness 
of the size appears to be a critical factor in terms of the spectra obtained.   
A range of laser powers, from 0.0001 mW to 0.58 mW, were used to further 
investigate the thin layer of size with a 5 nm Ag sputter coating (Figure 6.13). If 
the heat generated by the laser was causing decomposition of the size, the use of 
different laser power may enable a Raman spectrum representative of size to be 
obtained at a lower laser power. In this experiment, four spectra were collected 
from the same spot on the size film for any given laser power.  Spectra obtained 
using the lowest laser power of 0.0001 mW (not shown) did not exhibit any 
spectral features and only one spectrum was obtained using the highest laser 
power (0.58 mW) due to sample degradation occurring  which resulted in 
saturation of the signal. Raman spectra could be collected from the uncoated sized 
CFs at this laser power with no evidence of decomposition detected. 
Some slight variations are observed for the repeat Raman spectra collected 
from the same spot at a given laser power (refer to Figure 6.13), but overall the 
spectra are very similar. Even at the lowest laser power that a spectrum could be 
detected (0.0022 mW), the spectra were not consistent with that expected for the 
size.  As the laser power increases features in the CH stretching region (2800-3000 
cm-1) and the fingerprint region (1000-500 cm-1), that are likely to be associated 
with the size, start to appear.  Interestingly, the spectra obtained at the lowest 
possible laser power, in the presence of Ag, were still dominated by broad, strong 
features in the 1000-1700 cm-1 region, the most intense being at approximately 
1580 and 1360 cm-1.  The presence of these features, at a similar wavenumber to 
that of the G and D band in CF spectra, have the potential to make the 
interpretation of SERS spectrum from sized CF quite challenging.   
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Figure 6.13: Sequential Raman spectra obtained from a thin layer of size after 5 nm Ag 
coating at various laser powers,1 scan (blue), 2 scans (red), 3 scans (green), and 4 scans 
(yellow). 
 
Comparison of the spectra obtained using different laser powers showed 
similar spectral features, but as expected, the overall spectral intensities differed.  
This is shown in Figure 6.14, where a spectrum from each laser power has been 
plotted on the same scale.  There was very little difference in the overall intensity 
of spectra obtained using the two lowest laser powers.  The spectra obtained using 
0.0215 and 0.04 mW were also of similar intensity. The pink trace in Figure 6.14, 
collected using a laser power of 0.32 mW, gave the most intense spectrum.  The 
reduction in intensity of the feature at ~1580 cm-1 at the highest laser power 
suggests the presence of an unstable species.    
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Figure 6.14: Un-normalised Raman spectra obtained from 5 nm Ag coated thin layer of 
size at various laser powers (LP). LP=0.0022 mW (blue), LP=0.0038 mW (red), 
LP=0.0215 mW (yellow), LP=0.04 mW (green), LP=0.32 mW (pink), and LP=0.58 mW 
(black). 
 
Whilst the increased laser power resulted in an increase in overall spectral 
intensity, as expected, it did not appear to affect the occurrence of the spectral 
features in the 1000-1700 cm-1 range.  If laser induced sample heating is 
responsible for the generation of these features, then it suggests it occurs at an 
extremely low laser power and is not made significantly worse by an increase in 
laser power. Although the magnetron sputter coating process is not expected to 
result in any significant generation of heat at the sample, the potential for the 
sputter coating process to be contributing to the generation of the strong broad 
features at approximately 1580 and 1360 cm-1 needs to be investigated. 
 
 Effect of the sputter coating process  
As pointed out previously, the sputtering process was not expected to generate 
any significant heat at the sample, however to investigate any potential effects 
caused by the sputter coating process, two experiments were undertaken.  The 
first was to obtain Hydrosize EP834.S-PL Raman spectra before and after exposing 
a thin layer of size to the coating chamber and coating conditions (namely vacuum, 
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but with no application of Ag to the stub). A sample was masked by placing the 
SEM stub in a glass petri dish during coating, as described in Chapter 2, Section 
2.5.7.  No spectral differences were observed between the spectra from the 
original and the masked sample (Figure 6.15), with the exception of a slight loss in 
intensity, suggesting that the vacuum conditions and minimal heat that was 
generated was not causing the spectral differences observed. 
 
Figure 6.15: Raman spectra obtained from Hydrosize EP834.S-PL (red) and size masked 
during Ag sputter coating (blue). 
 
The second experiment involved the analysis of the same spot on a clean, blank 
SEM stub before and after Ag coating (Figure 6.16).  The four spectra obtained 
from the stub prior Ag coating are extremely similar and featureless as expected, 
one of which is shown as the black trace in Figure 6.16. The other four traces in 
Figure 6.16 are sequential scans on the same spot on the SEM stub after 5 nm Ag 
coating.  The spectral features observed after Ag coating are similar to those 
observed for the Ag coated size and sized CF, exhibiting strong, broad features at 
~1580 and ~1335 cm-1, but with an additional strong broad feature appearing at 
2133 cm-1.  This latter feature is likely due to adsorbed CO on the Ag surface [251, 
252].  The initial spectrum obtained from the Ag coated stub (yellow trace in 
Figure 6.16) also exhibits several sharp features between 1000 and 1400 cm-1, also 
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likely to be due to species adsorbed from the atmosphere.  These features, along 
with the 2133 cm-1 feature all decrease in intensity with increasing laser exposure, 
indicative of the presence of unstable surface adsorbed species. 
 
Figure 6.16: Raman spectra obtained from an Al SEM stub before coating (black) and 
sequential collections from the a single spot after 5 nm Ag coating (other colours, first 
scan (yellow) through to fourth scan (blue)). 
 
Whilst the Ag coated stub spectra were similar to that observed from the sized 
CF samples, there was still a huge intensity variation when compared to spectra 
obtained in the presence of size.  The intensity of the spectra from the Ag coated 
stub (Figure 6.16) are on the order of 2000 counts at the maximum point (1580 
cm-1), and would not account for the spectral differences observed on the sized  
CFs before and after Ag coating (where the intensity at 1580 cm-1 ranged from ~ 
5000 to 40000 counts).  If anything, the addition of these features are a possible 
explanation for the slight reduction in the D/G ratios calculated for the coated 
unsized fibre compared to the uncoated unsized CF.  As an example of the 
intensity differences, Figure 6.17 shows a spectrum from the Ag coated CF3 
(yellow trace) and CF1 (green trace) along with a spectrum of uncoated CF1 (blue 
trace). A spectrum from the Ag coated stub without size (red trace) as well as a 
spectrum from the size after Ag coating (purple trace) are also shown.  The layer 
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of size is thicker than that applied to a CF, but the spectrum obtained is very similar 
to the spectrum observed from the sized CF. 
 
Figure 6.17: Intensity differences observed in the various Raman spectra: CF3 with Ag 
coating (yellow), CF1 with Ag coating (green), CF1 without Ag (blue), size with Ag coating 
(purple) and stub with Ag coating (red). 
 
 Thermal degradation of Hydrosize EP834.S-PL  
Uncured epoxy resins, like the DGEBA based sized used on the CFs produced 
using the Carbon Nexus facility, have poor heat resistance properties [253].   The 
magnetron sputter coating however does not generate any significant heat at the 
sample. The thermal degradation of the size was investigated in parallel with 
Raman spectroscopic analysis with the aim to determine if Hydrosize EP834.S-PL’s 
decomposition temperature was within the likely range of temperatures 
generated by the laser. 
The thermal degradation of a sample of the Hydrosize EP834.S-PL was analysed 
using thermal gravimetric analysis.  The dynamic weight-loss curve obtained from 
a sample of Hydrosize EP834.S-PL is shown in Figure 6.18. 
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Figure 6.18: Dynamic weight-loss curve obtained for Hydrosize EP834.S-PL. 
 
The thermal decomposition of the size appears to occur in three stages. The 
initial decomposition starts at 248°C and results in a weight loss of ~51%.  Two 
further gradual decomposition stages are observed at 319 and 539°C resulting in 
weight losses of 26 and 22% respectively. 
An attempt was made to expose thin layers of size on Al discs to a range of 
temperatures (100, 250, 300, 350 and 450°C) using the TGA, but after heating to 
250°C no size or decomposition products could be detected optically or by Raman 
analysis.  Given the small amount of size on these discs and the significant weight 
loss indicated in the TGA after decompositions begins, the amount of sample 
present on the disc after heating may have been below detection limits. The 
decomposition of DGEBA based epoxy size is discussed in more detail below.  
The staged heating experiment was repeated with a thicker coating of size.  
There was a clear discoloration of the size observed after heating the samples as 
shown in Figure 6.19.   The initially clear, colourless size residue changed to a pale 
yellow colour after heating to 260°C and became a more intense yellow after 
309°C. Further heating resulted in a colour change to a darker orange at 357°C 
before the sample became black at 454°C. Raman spectra were not obtainable 
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from these samples as even at very low laser power the signal saturated for every 
sample. 
 
 
Figure 6.19: Colour changes of Hydrosize EP834.S-PL observed after staged thermal 
decomposition based on the TGA results. 
 
As no Raman spectra could be obtained, FT-IR was used to assess the chemical 
state of the size after exposure to the range of elevated temperatures.  FT-IR 
spectra (no normalisation, offset to assist visualisation) obtained from the 
samples shown in Figure 6.19, as well as a sample heated to 512°C, are shown in 
Figure 6.20. 
 
Figure 6.20:  FT-IR spectra obtained from Hydrosize EP834.S-PL exposed to elevated 
temperatures: 100°C (black), 260°C (red), 309°C (blue), 357°C (green), 454°C (purple), and 
512°C (orange). 
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Whilst the FT-IR spectra from the 100, 260 and 309°C treated size samples all 
appear very similar, there are signs of degradation occurring after 260 °C.  When 
the spectra are normalised on the 1509 cm-1 band (ν(C-C) in aromatic ring) [254], 
and overlaid as in Figure 6.21, the subtle differences are more apparent. A minor 
overall increase in the baseline with increasing temperature is observed between 
500 and 1500 cm-1.  While there are slight changes in the relative intensities of 
some features, there is a significant reduction in the intensity of the band at ~915 
cm-1, attributed to the ν(C-O) [218] and  δ(CH2-O-CH) in the epoxy group [219].  
Also, the band at ~3460 cm-1 has reduced in intensity and another feature appears 
at ~3390 cm-1.   
The reduction in the 3460 cm-1 feature has been attributed to the conversion 
of the hydroxyl groups of the DGEBA into formic acid [255] while the increase in 
the 3390 cm-1 may be associated with hydrogen bonded hydroperoxide groups 
that are intermediates in the generation of several oxidisation products including 
formates [255, 256].  Another obvious difference in the spectra with increasing 
temperature exposure is the appearance of a feature at ~1716 cm-1, attributable 
to a C=O vibration, possibly from a formate [255]. These differences are more 
pronounced in the spectra obtained at 357 and 454°C, coupled with a significant 
reduction in overall spectral intensity.  These changes, consistent with the 
degradation pathways described in the literature could result in the formation of 
volatile formic acid [255] or toluene [257] which may explain the reduction 
intensity of the spectrum and weight loss.  
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Figure 6.21: Normalised FT-IR spectra obtained from Hydrosize EP834.S-PL exposed to 
elevated temperatures. 100°C (black), 260°C (red), 309°C (blue). 
 
The spectra collected after exposure to the higher temperatures are not 
consistent with that of Hydrosize EP834.S-PL (Figure 6.22).  In addition to the 
massive reduction in intensity (~35 times weaker) observed between the spectra 
from the size exposed to 309 and 357°C, the 1716 cm-1 feature increases intensity 
up to the 454°C spectrum whilst the 915 cm-1 feature has practically disappeared 
by this stage.  A broad sharp feature at 1590 cm-1 is a major feature in the 454°C 
spectrum, but is also observed in the spectrum obtained from the 512°C sample.  
This feature has been observed in many different carbonaceous materials and has 
been attributed to aromatic skeletal carbon vibrations [258, 259] and/or carbonyl-
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aromatic ring conjugation [260]. The spectrum obtained after exposing the size to 
512°C is reasonably featureless, similar to that obtained from CF.  Optically this 
sample was black in colour (not shown), and the spectrum obtained is consistent 
with residual carbon resulting from the pyrolysis of the size.  
 
Figure 6.22: FT-IR spectra obtained from Hydrosize EP834.S-PL exposed to elevated 
temperatures 357°C (green), 454°C (purple), and 512°C (orange). 
 
The thermal degradation of the Hydrosize EP834.S-PL begins at temperatures 
as low as 248°C.  Significant weight loss and colour change were observed during 
decomposition.  Raman spectra were not obtainable from the size exposed to a 
range of elevated temperatures, however FT-IR spectra suggest that 
decomposition of the size is evident after exposure to 260°C for as little as 2 
minutes. There are many reports of laser generated sample heating occurring with 
Raman spectroscopy [244, 246, 261, 262].  The potential for sufficient heat to be 
generated by the 514 nm laser to induce thermal decomposition of the size during 
data collection is discussed in the following section. 
 
6.4 Discussion 
The aim of the SERS work reported in this thesis was to enhance the surface 
active species present on CFs, and in particular to detect and possibly map the 
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distribution of size on commercial samples. Meyer et al. reported an 
enhancement factor of up to 3 with the application of a 30 nm Au coating on 
carbon filaments [125]. The spectra obtained in this work, using 1, 5 and 10 nm 
Au coatings, did not result in any measurable enhancement. There was a slight 
reduction in the D/G values for all of the spectra obtained from the coated 
samples.  This may suggest that the Au layer has in fact generated an 
enhancement of previously undetected near surface with a higher degree of 
graphitisation than the bulk surface as analysed by the conventional Raman 
spectroscopy.   
This result is in contradiction to that reported by Ishida et al., who found a near 
surface increase in D band intensity relative to the G band after Ag coating, 
suggesting a more disordered carbon structure on the outermost surface of the 
CF compared to the bulk, after Ag coating [54].  Although D/G values are not 
reported in the work by Meyer et al., a clear difference can be observed in the 
relative intensities of the D and G bands when comparing the spectra shown  from 
the uncoated CF to that of the Au coated CF [125]. The spectra shown in that work 
depict an uncoated CF spectrum where the G band is clearly less intense than the 
D band.  After Au coating the G and D bands appear to be of similar intensities, or 
possibly a slightly more intense G band.  Thus if D/G values had been calculated 
by Meyer et al. [125] they would have been consistent with the trend of reduction 
in D/G values after Au coating that have been reported in this work.  
It is possible that the discrepancies between the results reported by Ishida et 
al. [54] as compared to those of Meyer et al. [125] as well as in the current work 
can be associated with different CF types having different near surface structures. 
The ability to make valid comparisons of results in much of the literature, 
particularly the early literature, is complicated as the CF samples used were either 
not commercial products or not well documented.  The current work as well as 
that of Meyer et al. [125]  also suggest that the Au application process itself is not 
creating the increase in surface disorder.  
Based on the results of Meyer et al. [125] the application of Ag to the CF 
samples was expected to produce a greater enhancement compared to that of Au.  
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In the current work, enhancement of the spectra was observed for both the 
unsized and sized CFs after application of Ag. Whilst the unsized CF spectra were 
consistent with spectra obtained from the uncoated CFs, those of the sized CFs 
showed significant differences to those obtained from both the sized CFs without 
Ag and the unsized CFs (with or without Ag).  The spectra obtained from the Ag 
coated sized CFs exhibited strong broad features at approximately 1580 and 1360 
cm-1, which whilst consistent with the presence of G and D bands from the CF, 
were very different in their relative intensities and broadness, and resulting D/G 
values. Given the unusually broad bands observed in these spectra, a more 
thorough understanding of the cause of these spectral changes was required 
before any conclusion could be drawn as to the meaning of the reduced D/G 
values. 
The rate of metal nanoparticle deposition has been shown to induce 
modifications to the near surface of CFs [56]. Tadayyoni and Dando [56] found 
that deposition rates greater than 1 Å/s (0.1 nm/s) could lead to broader, less 
intense bands for samples of graphitic carbon. They postulate the two likely 
causes of this as either (i) at higher deposition rates a rate dependent disorder is 
introduced in the surface carbon, or (ii) the higher deposition rates reduce the 
mobility of the Ag away from defect sites, thus concentrating the metal at 
particular sites for the SERS experiments.  In this work the deposition rate was 
kept as slow as possible, around 0.1 nm/s for the Ag depositions, and no increase 
in disorder or broadening of bands were observed for the unsized CFs.  Thus it was 
assumed that the broadening of the bands, and the reduction of D/G values 
observed in the spectra of Ag coated sized CF was not a result of the deposition 
rate employed. The spectral changes observed in these spectra were not 
consistent with the expected SERS spectrum of the size, however the 
decomposition of size may explain the spectra observed and was thus 
investigated. 
One of the questions arising out of the results presented in this thesis is 
whether thermal decomposition of the size was preventing its detection as well 
as possibly adding to the complexity of the spectra being obtained. It was shown 
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that the magnetron plasma coating process did not generate sufficient heat to 
cause any decomposition of the size, leaving the Raman excitation laser as the 
only other possible source of heat. The effects of Raman laser heating have been 
reported in the literature [244, 245, 261-264].  Iron oxide has been found to 
change from magnetite to maghemite and then to hematite when exposed to 
elevated temperatures [244, 261-263].  These phase transitions typically occur 
between 35-110°C and 230-380°C respectively and can be induced by sample 
heating due to the Raman laser [244, 261-263].  The dark colour of these oxides, 
commonly black, brown and/or silver grey, would likely increase their ability to 
absorb heat. The same would apply to CFs. The TGA of the size suggested 
decomposition started at 248°C, well within the range of temperatures generated 
by a 514 nm laser [261].  
A number of factors aside from laser power have the potential to either 
dampen or increase the thermal effects of the laser. Neither thick nor thin layers 
of size, in the absence of Ag, showed any signs of decomposition when subjected 
to various laser powers, which suggests that the size is thermally stable under the 
laser powers utilised and/or the heat generated from the laser dissipated readily 
through the size without causing any degradation.  Thick layers of Ag coated size 
produced similar spectra to the uncoated size. In contrast, the spectra from thin 
layers of coated size exhibited unusual spectra even at extremely low laser 
powers, potentially due to decomposition. None of the spectra obtained from 
uncoated CFs or the Ag coated unsized CF showed any of the spectral anomalies 
that were observed in the spectra from the sized fibres. These results suggest that 
the presence of both the size and the Ag were playing a key role in the spectra 
obtained, and that the thickness of the size layer was also a contributing factor. 
Whilst SERS has shown to be effective for many molecules [154], its application 
to polymers has been less prolific.  One of the major problems encountered when 
using SERS to analyse polymers, especially thin films, is in fact the occurrence of 
broad features at approximately 1580 and 1350 cm-1 [213-215, 265, 266]. These 
broad features have been observed in  many Raman spectra where Ag has been 
present, including on Ag electrodes [267], and Ag deposited via evaporation [161, 
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215, 268-271].  These features have been attributed to carbonaceous material 
picked up from the atmosphere [213, 214, 272], including  carbonates [213, 214] 
and carboxy species [267]. The so called “environmental cap” [273] is a common 
problem found for other surface analysis techniques including XPS [23, 274, 275] 
and is possibly the source of the broad features observed in the spectra of the Ag 
coated size-free SEM stub in this work.   
Tsang et al. however suggested that the features were more likely to be due to 
amorphous carbon that deposits onto the SERS active surface as a result of the 
decomposition of organic compounds, as Auger electron spectroscopy indicated 
insufficient oxygen was present for the bands to be attributed to carbonates [215].  
The results in this work are likely a combination of both, with absorbed 
carbonaceous material being a minor component and the decomposition of 
organic compounds, in this case the size, being the main contributor to the broad 
spectral features observed. 
Work by Parry and Dendramis led to the hypothesis that there was a Ag 
catalysed photo-oxidation of the polymer occurring [265].  Several investigations 
into the degradation of polymers during SERS [161, 265, 269-271], have led to a 
proposed mechanism that involves the localised laser-assisted oxidation of the 
Ag0 to form Ag(II) ions that then catalyse the oxidation of the polymer [270]. The 
SERS spectra reported in the literature for thin polymer films, including poly(α-
methylstyrene), polystyrene and DGEBA using Ag [270, 271] exhibit strong, broad 
bands at ~1575 and 1375 cm-1, which are in good agreement with those obtained 
in this work from the thin layers of size and the sized CFs after Ag coating. The 
photo-oxidation  products for DGEBA based epoxy have been found to be similar 
to the thermal oxidation products [255], and thus the spectra generated from 
either degradation pathway would be similar.  As the Ag is required to act as a 
catalyst, the uncoated CF samples do not undergo decomposition of the size, and 
thus the spectra do not exhibit the broad features attributed to the decomposition 
products.  
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6.5 Conclusion 
The use of sputter coated Au and Ag has been investigated for the use of SERS 
for the detection of the very thin layer of size on CF.  Au coatings up to 10 nm thick 
did not generate any spectral enhancement, and no features attributable to size 
were observed.  The use of Ag sputter coating generated some interesting results 
on the CF samples.  An enhancement of up to 10 times was observed for the 
unsized CF spectrum after the application of 5 nm of Ag. Whilst a SERS spectrum 
was not obtained from the size on the CF samples, a spectrum representing 
decomposition of the size, initiated by the presence of the Ag, and aided by either 
laser photon or thermal oxidation was detected. While the SERS results obtained 
suggest a high degree of surface sensitivity, this indirect detection of the size is 
not ideal for the intended investigation into the distribution of size along a CF.  
In the next chapter of this thesis, SERS in combination with Raman mapping will 
be used to further investigate the surface of unsized, electrochemically oxidised 
CFs.  
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CHAPTER 7 
Characterisation of electrochemically oxidised carbon fibres 
In this chapter a series of electrochemically oxidised CF samples are produced 
using a commercial grade PAN precursor fibre and characterised using SEM, XPS, 
FT-IR and Raman spectroscopy. The application of the Raman spectroscopic 
techniques developed and demonstrated through the previous chapters, namely 
mapping and SERS, to this series of CF samples are given as examples of the 
potential to extend the use of these techniques to commercial CF. 
 
7.1 Introduction 
The previous chapters of this thesis have demonstrated that Raman 
spectroscopy can be used in different ways to characterise CFs.  Chapter 3 
concentrated on the application of Raman mapping to investigate the 
heterogeneity of laboratory oxidised CF samples.  The natural extension to that 
work is to apply the technique to CFs that have undergone surface oxidation in an 
environment more akin to commercial practice.  The ability to access the Carbon 
Nexus facility to generate a series of CFs on a single tow line that replicates the 
main carbon fibre manufacturing line gives a unique opportunity to generate a 
customised set of CF samples of a commercial grade. 
The use of SERS to detect the presence of size on the CF surface has proved 
challenging to date due to a Ag catalysed degradation of the thin layer of size. 
However, the analysis of oxidised CF, with no size applied, using SERS has the 
potential to detect changes in the near surface of the CF. Previous work by Ishida 
et al. [54] and Tadayyoni and Dando [56] concluded that SERS detected more 
disorder in the near surface of graphite fibre compared to the spectra obtained 
using conventional Raman spectroscopy.  Xu and Lu [126] used SERS to compare 
CF before and after nitric acid oxidation as well as after reaction with maleic 
anhydride.  Interpretation of their results however is complicated by insufficient 
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information regarding the process utilised for the application of the Ag colloids as 
well as the potential Ag catalysed degradation of species on the surface.  
SERS does not appear to have been widely utilised for the analysis of oxidised 
CF.  Results from conventional Raman spectroscopy has suggested that oxidation 
with nitric acid results in a reduction in the amorphous carbon  in conjunction with 
a sharpening of D and G bands and an increase in the D/G intensity ratio [36].  
Similar results were obtained in this research as discussed in Chapter 3 in terms of 
a reduction in amorphous carbon; however no significant variation was observed 
in the D/G ratios and any apparent sharpening of D and G bands was attributed to 
the reduction in the A band. Others have concluded that no changes in the 
position or widths of the D and G bands occur with plasma surface treatment of 
HM CF [51] in contrast to Cuesta et al. that found a widening of D and G bands 
after plasma treatment [117]. Both research groups did however conclude that an 
increase in the D/G ratio was observed after treatment.   Variations in results are 
likely a combination of different CF samples and differences in the oxidation 
treatments utilised. 
In this chapter, a series of commercial grade CFs produced on the Carbon Nexus 
single tow line and subjected to different electrochemical oxidation levels will be 
characterised using XPS, SEM, FT-IR and Raman spectroscopy.  The main focus of 
this chapter will be the comparison of Raman data obtained from these fibres.  
Standard, non-confocal Raman spectra will be compared to confocal Raman 
spectra as well as to SERS spectra from oxidised and untreated CFs and for the first 
time, a series of maps will be presented using a combination of both SERS and 
mapping to demonstrate the heterogeneity of the oxidative treatment along the 
length of individual CFs. 
 
7.2 Materials and methods 
The methodology for the generation electrochemically oxidised CF can be 
found in Chapter 2, Section 2.6.  Details of the samples produced are given in 
Section 7.3.1, Table 7.1. 
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Characterisation of the samples was undertaken using SEM, XPS, FT-IR and 
Raman spectroscopy as described in Chapter 2, Sections 2.1.1, 2.1.2, 2.1.4 and 2.2. 
SERS activity was generated by sputter coating the fibres with a 5 nm layer of Ag 
(deposition rate of ~0.17 nm/s), as described in Chapter 2, Section 2.5.5. Raman 
spectroscopic data collection details are presented in the following section. 
 
7.2.1 Raman conditions  
All spectra were extended scans (500-2000 cm-1) collected on the Renishaw 
inVia Raman microscope using a x50 objective in normal (non-confocal) mode 
using the standard CCD detector and the 514 nm argon ion laser line, unless 
otherwise stated. Spectral processing involved the application of a two point 
baseline correction (700 and 1900 cm-1). The data presented in this study have not 
been smoothed.  
For the initial screening of the entire 17 sample set (Table 7.1), 3 spectra were 
collected from each of 3 different fibres from each treatment level.  Each 
spectrum was the result of the co-addition of 2 scans after a 60 s exposure time 
at a laser power of 0.65 mW. Spot probe analysis of a reduced 5 sample set before 
and after 5 nm Ag coating was performed on 3 different spots on each of 3 fibres 
using a laser power of 0.35 mW.  Each spectrum resulted from the co-addition of 
2 scans after a 20 s exposure time.   
Raman spectral maps of longitudinal areas were obtained using the Streamline 
CCD camera and an incident laser power of 0.3 mW. The fibres were orientated 
parallel to the polarisation of the laser with the aid of a rotating stage. Raman 
spectral maps were collected over an area approximately 30 × 4 μm with 1.0 μm 
steps between data points, giving a total of 120 data points (Raman spectra) per 
map. The spectra were collected using a snake stage movement pattern. Each 
spectrum, 1015 data points, was a single static accumulation with a 10 s exposure 
time over the range of approximately 600-1885 cm−1. These spectral conditions 
were chosen in attempt to obtain rapid information about the CF surface. All 
Raman maps were translated onto the same colour scale through the use of a LUT.   
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The D/G and G/A intensity ratios given in this study are calculated based on the 
intensity at point approach.  As discussed in Chapter 3, the application of spectral 
deconvolution to maps made up of 100s of spectra was found to be challenging, 
and thus not attempted on the data generated in this chapter.  
 
7.3 Results  
7.3.1 Electrochemical oxidation of carbon fibre 
The production details for the series of CF samples generated using 
electrochemical oxidation in ammonium bicarbonate are given in Table 7.1. These 
samples span the range of surface oxidation conditions achievable on the single 
tow line which is similar in all characteristics to those of a full scale commercial CF 
production line.  
Table 7.1. Summary of electrochemically treated samples and their production conditions. 
 
Sample 
  
Description 
Conductivity 
(mS/cm) 
Voltage 
(V) 
Current 
(A) 
Current density 
(A/m2) 
Control 1† - - - - 
Control 2* - - - - 
C10A1 10 27.6 11 16.03 
C10A2 10 24.7 8.8 12.83 
C10A3 10 16.6 5.3 7.72 
C10A4 10 14.5 3.9 5.68 
C10A5 10 11.8 2.3 3.35 
C20A1 20 26.5 11 16.03 
C20A2 20 23.8 8.8 12.83 
C20A3 20 17.7 5.3 7.72 
C20A4 20 14.5 3.7 5.39 
C20A5 20 10.3 2.3 3.35 
C30A1 30 22.0 11.2 16.32 
C30A2 30 19.0 9.0 13.12 
C30A3 30 14.0 5.5 8.02 
C30A4 30 11.4 3.9 5.68 
C30A5 30 6.3 2.5 3.64 
† CFs were passed through the surface treatment bath with no current or voltage applied. 
* CFs by-passed the surface treatment bath. 
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7.3.2 SEM 
 As an initial assessment of the morphological effects of the electrochemical 
oxidation, CFs from each treatment were examined using SEM imaging.  
Representative images are shown in Figures 7.1 and 7.2.   The two control samples 
(Figure 7.1) appear reasonably clean of particulates and debris.  
 
Figure 7.1: Typical SEM images obtained from Control 1 (top) and Control 2 (bottom) CFs. 
 
The oxidised CFs exhibit a varying degree of surface damage (Figure 7.2). As 
expected, the fibres treated with highest current density appear to display the 
most surface damage at each conductivity level. Overall the samples generated 
using conductivities of 10 and 20 mS/cm showed more particulates on the surface 
and surface damage than the samples generated using 30 mS/cm. None of the 
samples however exhibited the extensive surface damage that may have been 
expected under the extreme conditions.  The particulates are likely to be 
redeposited surface debris generated from the oxidation of the surface.   
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Figure 7.2: Typical SEM images obtained from the electrochemically oxidised CFs. 
 
Comparison of the electrochemically oxidised CFs to those oxidised using nitric 
acid that were presented in Chapter 3 suggest that the electrochemical approach 
to surface treatment is more aggressive.  The nitric acid treatment resulted in a 
“cleaning effect” on the CFs whereas the electrochemical oxidisation has caused 
visible damage to the fibre surface, especially with the highest current densities.   
There was a need to reduce the large sample set to a smaller subset to enable 
a more focussed investigation.  The CFs treated at the 3 highest current densities 
(refer to Table 7.1; samples C10A1, C20A1 and C30A1) are the most likely to 
exhibit significant differences compared to the control, thus making them ideal 
for further characterisation.  Higher magnification images of these CFs along with 
that of a control fibre are shown in Figure 7.3. 
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Figure 7.3: Typical SEM images obtained from Control 2 (A) and oxidised CFs C10A1 (B), 
C20A1 (C), and C30A1 (D) CFs. 
 
The electrochemically oxidised samples all exhibit areas where the surface 
appears to be eroded.  The sample treated at the highest conductivity of 30 mS/cm 
(Figure 7.3 D) does not display surface debris like the fibres from the other high 
current density treatments. 
 
7.3.3 XPS  
To investigate the extent and chemical effect of the electrochemical oxidation, 
the CFs treated at the highest current densities at each of the three conductivities 
were analysed by XPS and compared to the untreated CFs. The major elements 
found on the CF surfaces were, as expected, C, O and N, accounting for over 97 % 
of the surface composition. Silicon (Si) was also present on each sample at various 
levels; however the levels detected on the C20A1 and C30A1 samples were the 
most significant, at 1.98 and 1.25% respectively. Low levels of Si were also 
detected in the commercially provided Panex 35 fibres utilised in the nitric acid 
studies presented in Chapter 3. A silicone based spin finish is usually applied 
during the production of the PAN precursor fibres and may be the source of Si 
detected in the XPS results.   
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During the spinning of PAN precursor fibres the formation of pores and voids 
occur [276-278] potentially providing radial paths in which the spin finish may be 
able to migrate in to the bulk of the fibre [278]. Once below the fibre surface, any 
silicone-based spin finish would likely decompose during CF carbonisation 
resulting in residual Si in the fibre bulk.  Potential etching of the CF surface during 
the oxidation treatment may then expose more of the internal components, 
including an increase in Si.  Trace amounts of sodium, chlorine, magnesium, and 
calcium, were detected in varying amounts on the oxidised samples, but absent 
from the controls, with the exception of Control 1 on which sodium was detected. 
Control 1 is the control that was passed through the surface treatment bath with 
no current being applied, suggesting that the potential source of the sodium may 
be this bath. 
The atomic percentages of C, O and N detected on the CF surfaces are given in 
Table 3.1 along with the O and N ratios relative to C. The standard deviations are 
given in brackets. As expected, the amount of oxygen on the CF surface is seen to 
increase significantly with increasing oxidative treatment.  There is also a dramatic 
increase in the nitrogen at the surface after oxidative treatment.  These values are 
significantly different to those obtained from nitric acid oxidation of the CF 
discussed in Chapter 3, where the 180 minute nitric acid treatment resulted in 
78.79 atomic % for C, 18.61 for O and 2.30 for N atomic %.  
 
Table 7.2. XPS determined average C, O and N content of untreated and electrochemically 
oxidised CFs (standard deviations in parentheses). 
Sample 
Atomic% Atomic ratio 
C O N O/C N/C 
Control 1 96.70 
(0.13) 
1.92 
(0.14) 
0.96 
(0.07) 
0.020 
(0.001) 
0.010 
(0.001) 
Control 2 96.09 
(0.14) 
2.52 
(0.04) 
0.80 
(0.11) 
0.026 
(0.000) 
0.008 
(0.001) 
C10A1 80.01 
(0.04) 
14.90 
(0.08) 
4.47 
(0.10) 
0.186 
(0.001) 
0.056 
(0.001) 
C20A1  73.54 
(0.01) 
17.17 
(0.07) 
6.82 
(0.02) 
0.233 
(0.001) 
0.093 
(0.000) 
C30A1  73.77 
(0.27) 
17.28 
(0.23) 
7.10 
(0.21) 
0.234 
(0.004) 
0.096 
(0.003) 
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The XPS analysis of the electrochemical treatments in the three different 
ammonium bicarbonate concentrations using the highest current densities 
indicated significantly more nitrogen functionality on the CF near surface than the 
controls, with the sample treated in the highest concentration of ammonium 
bicarbonate resulting in the highest level of N detected. The presence of N in the 
control CF samples is attributed to residual N from the precursor fibre that has not 
been removed during the carbonisation process [18]. The increased in N detected 
after electrochemical oxidation in ammonium bicarbonate has two possible 
sources. The N could be a result of reactions of the ammonium ion with other 
surface oxidation products such as carboxyl groups [177].  The other possible 
source of N is that it is residual N from the PAN precursor fibre that has been 
exposed by the erosion of the outer surface of the CF during oxidation [8, 177]. 
Realistically, it is likely a combination of both these sources that account for the 
increase in N.   
Comparison of the N1s high resolution spectra (Figure 7.4) suggest a shift in the 
main N1s peak from ~401 eV in the control samples to ~400 eV in the treated 
samples.  The dominant contributor to this peak is likely graphitic N [279, 280], 
however both are also within the characteristic range for imide functionality [177].   
 
Figure 7.4: Area normalised high resolution N1s spectra: Control 1 (red), Control 2 (black), 
C10A1 (green), C20A1 (purple), C30A1 (blue). 
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Further information can be obtained by peak fitting the N1s profile (Figure 7.5).  
The amount of nitrogen present in the control samples is significantly less than in 
the treated samples, resulting in lower signal to noise, however the spectrum can 
be fitted with three components. The major component, positioned at ~400.9 eV 
(Figure 7.5, purple component peak) is attributable to graphitic N [279, 280] and 
possibly aromatic imide functionality [177, 280, 281].  The component at ~402.2 
eV (Figure 7.5, orange component peak) is likely to associated with the presence 
of N+ (possibly a quaternary N or amine species and/or N-oxides of pyridinic-N) 
[280, 281], whilst the minor contribution at ~403.4 eV (Figure 7.5, grey component 
peak) may be attributable to a pyridinic oxide species [280, 281]. 
 
Figure 7.5: Deconvolution of high resolution N1s XPS spectrum for Control 1. Assignment 
of peaks: graphitic N and/or imide (purple), N+ (orange), pyridinic oxide (grey), N1s (red), 
baseline (black) and sum of peaks (black dotted). 
 
A schematic representation of some of the N species that can be introduced 
into graphitic carbon, and likely to be detected in CF, and the corresponding 
binding energies  observed in XPS are shown in Figure 7.6. 
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Figure 7.6: N species in graphitic carbon as expected to be found in CF and corresponding 
binding energies (adapted from [281]). 
 
The fit for the oxidised CF is much more complex, with up to 6 possible peaks 
(refer to Figure 7.7).  The most dominant of these at ~399.6 eV (Figure 7.7, green) 
is typically assigned to nitrile, pyrrole, amine and amide functionality [177, 280].  
Peaks at ~400.4 eV (Figure 7.7, purple) and 398.5 eV (Figure 7.7, blue) are likely 
associated with graphitic N and/or imide and pyridine respectively [177, 279-281], 
whilst a smaller component at ~401.3 eV (Figure 7.7, orange) is often assigned to 
N+ [280]. Two other minor contributions (Figure 7.7, grey) have not been assigned.   
The potential presence of nitrile functionality detected on the oxidised CF 
surface may suggest that the electrochemical oxidation in ammonium 
bicarbonate, at the conditions utilised, has cleaved the outer surface of the CF to 
expose internal features, rather than add significant functionality to the CF 
surface.  Several researchers have investigated the effect of ammonium 
bicarbonate electrolytic oxidation on the CF surface [75, 282].  They all found that 
compared to other electrolytes, such as nitric acid, sulphuric acid and ammonium 
nitrate, the ammonium bicarbonate treatment tends to lead to less chemical 
change in the CF surface as indicated by the reduced intensity of oxide species 
detected in the C1s spectra and the minimal change in the oxide region with 
increased electrochemical potential [75, 282]. They postulated that this reduced 
surface treatment could be attributed to the bicarbonate ions acting in a way to 
inhibit the surface oxidation [282].  
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The above N1s findings are in contrast to the research of Gulyas et al. who, 
based on diffuse reflectance FT-IR, report a significant surface modification using 
ammonium bicarbonate compared to treatment in ammonium carbonate [283].  
As no XPS analysis was carried out in this work the comparison of results from 
other independent studies is not possible. Clearly there are some discrepancies in 
the literature, which may be due to the CF type used and/or the exact parameters 
used for the treatment and in some cases possibly due to differences in the 
analysis volumes of the techniques utilised. However, the XPS results from the 
oxidised CF in this study suggest the treatment has led to the exposure of residual 
nitrogen from the PAN, with minor contributions from N+.  
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Figure 7.7: Deconvolutions of high resolution N1s XPS spectra for A) C10A1, B) C20A1 and 
C) C30A1. Assignment of bands: pyridine (blue), nitrile, pyrrole, amine and amide (green), 
graphitic N and/or imide (purple), N+ (orange), unassigned peaks (grey), N1s (red), 
baseline (black) and sum of peaks (black dotted). 
 
The area normalised high resolution scans of the C1s peak of the two different 
untreated samples are very similar, as would be expected (Figure 7.8 A).  In 
 
 
224 
 
contrast, the C1s peaks for the treated CFs (Figure 7.8 B) are significantly different 
to that from the untreated CFs.   Whilst the C1s from all samples exhibited the 
characteristic high binding energy (BE) tail typical of graphitic carbon [284, 285], 
the uncorrected BE position for the main hydrocarbon peak for all three treated 
samples was approximately 284.7 eV, i.e. aromatic hydrocarbon, compared to the 
control samples at 284.4 eV. In addition, the main peak is broader for the treated 
samples compared the controls (Full Width Half Maximum of 1.3 vs 1 eV) (refer to 
Figure 7.8 B).  This peak broadening is consistent with an increase in the number 
of contributions to the peak, i.e. carbon present in more forms than in the control 
CF, which would be expected after an oxidative surface treatment. The most 
pronounced changes appear as increases at ~286.5 and ~288 eV.   
The complexities associated with the assignment of oxide bands on CF are 
evident in the literature, where assignments may differ between researchers. In 
this work, the peaks observed in the C1s spectra have been attributed to C-N, C=N 
(imine) and C-O [17, 61, 70, 72, 85] for the shoulder at approximately 286.5 eV, 
and N-C=O, C=O, (C=O)-N-(C=O) (imide) and O-C-O (acetal) for the shoulder at 
approximately 288 eV [17, 85, 279].  In the N1s spectra, C-N would be observed 
near 398.3 eV while C=N would be in the range 399.8-400.2 eV and thus would be 
overlapping with other assignments [286-289]. 
Peak fitting of the C1s data was complicated by the significant change in the 
surface after oxidation.  The error associated with the model fit was too high to 
use the data with any confidence. However, the elemental quantification (Table 
7.2) still provides the information showing a large increase in oxygen content for 
the treated samples. 
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Figure 7.8: Area normalised high resolution C1s XPS spectra. A) Control 1 (red) and Control 
2 (black). B) C10A1 (green), C20A1 (purple), C30A1 (blue) and Control 1 (dotted red). 
   
The XPS data is generated from the top 10 nm of the CF surface.  Whilst the 
results support the oxidation of the CF surface, a definitive result regarding the 
species generated on the CF surface from these treatments has not been 
ascertained. The presence of any particulates on the surface, as observed in the 
SEM images obtained for some of these samples (refer to Figure 7.3) could 
potentially complicate the interpretation of the results.  FT-IR spectroscopy, whilst 
not offering the surface sensitivity of XPS, may provide information on the surface 
active species present on the oxidised CF surfaces.  
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7.3.4 FT-IR spectroscopy 
To further investigate the species generated on the surface of the CFs during 
electrochemical oxidation, the same set of samples investigated by XPS were 
analysed using ATR FT-IR spectroscopy equipped with a Ge IRE.  The data in the 
XPS originates from the top 10 nm of the CF surface whereas it is estimated that 
ATR FT-IR of CF using Ge the data would originate from a depth of approximately 
0.44 μm (440 nm) [84].   
As expected the ATR FT-IR spectra are reasonably featureless (Figure 7.9). The 
spectra obtained from the control samples exhibited no differences, so only one 
is shown.  
 
Figure 7.9: Ge ATR FT-IR spectra from C30A1 (black), C10A1 (red) and C20A1 (blue) and 
Control 2 (green). 
 
The oxidised CF spectra exhibited weak features at ~1585 and 1717 cm-1   
attributable to quinone structures ( ) [87] and  the C=O in carboxyl groups 
[85, 87]. These weak features were further analysed using the technique of 
spectral subtraction in order to enhance any spectral differences between the 
different CF samples. Spectral subtraction was carried out; where a spectrum from 
a control sample was subtracted from the spectra of the oxidised samples.  This 
approach was used by Sellitti et al. to amplify the effect of oxidative surface 
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treatments on graphite fibre observed in ATR FT-IR spectra [87].  In this work, the 
resultant subtraction spectra enhanced the visibility of bands at 1585 and 
1717 cm-1 (refer to Figure 7.10).  Further, features at 2855 and 2924 cm-1 also 
became apparent, and can be attributed to C-H stretching vibrations [144].  A 
minor feature was also detected in the 10 and 20 mS/cm samples at 1221 cm-1 
which Sellitti et al. attributed to C-O and O-H functionality [87].   
The detection of C-O and C=O containing species in the ATR FT-IR spectra 
(Figure 7.9 and 7.10) are consistent with the increase in oxygen observed in the 
XPS analysis and the proposed assignment of binding energy increases at ~286.5 
and ~288 eV to C-O, (N-)C=O and O-C-O functionality [177].  No functionality 
attributable to nitrogen species were detected in the ATR FT-IR spectra.  Although 
the sampling depth is vastly different for the two techniques, both techniques 
confirm the presence of oxidation species on the CF surface.  
 
 
Figure 7.10: Subtraction spectra obtained for C30A1 (black), C10A1 (red) and C20A1 
(blue). The subtrahend was the control spectrum Control 1. 
 
7.3.5 Raman spectroscopy 
Initial screening was undertaken on the entire sample set.  Spectra were 
collected from three spots on three randomly chosen fibres from each treatment.  
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The data collection parameters were more intensive than usually utilised (higher 
laser power and longer exposure time) to reduce noise in the spectra to aid in the 
possible detection of spectral differences.    The calculated average D/G and G/A 
intensity values are given in Table 7.3.   
 
Table 7.3. Average D/G and G/A values calculated for the entire electrochemically treated 
CF sample set (standard deviations in parentheses).  
Sample 
Description 
Conductivity 
(mS/cm) 
Current 
density 
(A/m2) 
 Average D/G 
(n=9) 
Average G/A 
(n=9) 
Control 1† - 16.03 0.889 (0.011) 1.795 (0.049) 
Control 2* - 12.83 0.896 (0.010) 1.804 (0.053) 
C10A1 10 16.03 0.836 (0.015) 2.007 (0.057) 
C10A2 10 12.83 0.806 (0.029) 2.373 (0.123) 
C10A3 10 7.72 0.815 (0.019) 2.330 (0.123) 
C10A4 10 5.68 0.833 (0.010) 2.332 (0.053) 
C10A5 10 3.35 0.862 (0.009) 2.161 (0.058) 
C20A1 20 16.32 0.860 (0.020) 1.915 (0.077) 
C20A2 20 13.12 0.812 (0.005) 2.133 (0.053) 
C20A3 20 7.72 0.866 (0.013) 2.056 (0.188) 
C20A4 20 5.39 0.850 (0.016) 2.147 (0.128) 
C20A5 20 3.35 0.869 (0.008) 2.046 (0.080) 
C30A1 30 16.03 0.869 (0.016) 1.874 (0.071) 
C30A2 30 12.83 0.865 (0.016) 1.929 (0.036) 
C30A3 30 8.02 0.890 (0.008) 1.898 (0.053) 
C30A4 30 5.68 0.872 (0.023) 1.942 (0.055) 
C30A5 30 3.64 0.884 (0.009) 1.898 (0.035) 
† CFs were passed through the surface treatment bath with no current or voltage applied. 
* CFs by-passed the surface treatment bath. 
 
The D/G ratios of the oxidised samples were all found to be lower and 
statistically different (based on ANOVA test) to those of the controls, with the 
exception of samples C30A3, C30A4 and C30A5. This suggests that these 30 
mS/cm treatments did not have the same impact on the D/G ratios as other 
treatments both within this conductivity level and the treatments at other 
conductivity levels.  This set of samples also exhibited the smallest changes in G/A 
ratio, suggesting less amorphous carbon has been removed by these treatment 
conditions. The G/A values from all of the oxidised samples exhibited a statistically 
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significant (at the 95% confidence level, based on ANOVA test) increase compared 
to the controls, indicative of a reduction in amorphous carbon. The oxidised 
samples also exhibited a shift in the position of the G band, ~5 cm-1 higher 
compared to the G band positions of the control samples. The D band position 
shifted lower by 5 to 2 cm-1 compared to the control samples.  A shift in the G 
band position was also reported in Chapter 3, Section 3.4 after a 180 minute 
treatment in nitric acid, where it was postulated there was an increase in 
disordered graphitic structure associated with the surface graphitic sheets.  
A plot of the current densities versus the D/G intensity ratio values (Figure 7.11 
A) suggest that neither the current density nor the conductivity had a major 
impact on the calculated D/G intensity ratios values, but the values were all less 
than the calculated averages of 0.889 and 0.896 for Control 1 and 2 respectively.  
Statistically some of the D/G values obtained from samples within a conductivity 
level are significantly different, however the comparison of overall D/G values 
from the different conductivity levels exhibit greater variation.  This suggests that 
the conductivity level, and thus the concentration of electrolyte (ammonium 
bicarbonate), has a more pronounced effect on the surface treatment result than 
the current that is applied. 
All of the G/A values from the oxidised samples were statistically different to 
that calculated for the controls.  A plot of current densities versus G/A values 
(Figure 7.11 B) indicates the lowest conductivity level (10 mS/cm) resulted in the 
highest G/A values, suggesting the presence of less amorphous carbon compared 
to graphitic carbon.  The G/A values also showed more variation across this low 
conductivity.  It also supports the idea that the conductivity level influences the 
removal of loosely bound surface crystallites and amorphous carbon more than 
the applied current does. A reduction in amorphous carbon with increasing 
oxidation treatment levels was observed with the nitric acid treatments in Chapter 
3 of this thesis and is consistent with the findings of Cao et al. [36].  Statistically, 
the drop off in G/A values observed at the highest current density in the 10 and 
20 mS/cm treatments are significant (based on ANOVA test), suggesting it is a real 
affect.  A similar affect was observed in the XPS results reported by Kozlowski and 
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Sherwood, who investigated the effect of electrochemical treatment of CF in an 
ammonium bicarbonate over a potential range of 0.5-3.0 V [282].  They found that 
2.0 V gave the largest O1s to C1s ratio, indicative of highest amount of oxidation 
on the CF surface [282]. 
 
 
Figure 7.11: Plot of current density vs D/G ratio values (A) and G/A ratio values (B) for 
treatments at the three conductivity levels; 10 mS/cm (black), 20 mS/cm (red) and 30 
mS/cm (blue). The asterisks indicate the average values for the control samples. 
 
A more thorough interrogation of a subset of the sample matrix was 
undertaken to investigate the application of both mapping and SERS, as well as a 
combination of the two techniques to electrochemically treated CFs.  The samples 
investigated are the same as those analysed by XPS and ATR FT-IR spectroscopy, 
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namely Control 1, Control 2, C10A1, C20A1 and C30A1. This set incorporates the 
two control samples as well as the three CFs that had been exposed to the highest 
current densities at each conductivity.  A comparison of several spectra from 
C10A1 run in standard and confocal modes (not shown) using the same data 
collection parameters did not show any spectral differences with the exception of 
an increase in the noise and decrease in overall intensity  when the confocal mode 
was utilised.  In light of this, further experiments were performed in standard 
mode (non-confocal) for comparison with SERS spectra. 
 
SERS 
Spectra were obtained from three spots on three fibres from each sample (n=9) 
using identical data collection parameters before and after applying a 5 nm Ag 
coating.  An example of the enhancement observed is shown in Figure 7.12. A 
summary of the average intensity enhancement of the D and G bands are given in 
Table 7.4 and Table 7.5 respectively.  The resulting D/G and G/A ratios are given 
in Table 7.6.  All of the spectra obtained from the Ag coated fibres showed an 
increase in intensity over those obtained from the uncoated fibres, corresponding 
to average enhancement factors ranging from 2.22 to 4.30 for the D band and 2.40 
to 4.39 for the G band intensity. However, all of the samples exhibited substantial 
variation in the range of intensity values for either peaks in any of the treatment 
levels as indicated by the large standard deviations given in parentheses, and the 
potential enhancement being as much as 22 in some instances.  
It is interesting to note that the spectra from the control samples were less 
intense than the spectra from the treated samples, regardless of the presence or 
absence of Ag.  This may be a result of increased surface roughness of the treated 
samples. Raman spectroscopy has been shown to be very sensitive to surface 
topography, with rougher surfaces resulting in higher Raman counts [195, 196]. 
The enhancement levels are similar to those depicted in work by Ishida et al. and 
Ishitani et al. [54, 55]. 
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Figure 7.12: Raman spectra obtained from C20A1 treated samples before (red) and after 
(black) Ag coating. 
 
Table 7.4. Effect of Ag coating on D band intensity for the subset of electrochemically 
oxidised fibres (standard deviations in parentheses). 
Sample 
No Ag coating 
Average D intensity 
(n=9) 
5 nm Ag coating 
Average D intensity 
(n=9) 
Average 
enhancement 
factor D band 
Control 1 1884 (379) 4191 (869) 2.22 
Control 2 1977 (514) 6664 (1063) 3.37 
C10A1 10201 (255) 38357 (4550) 3.76 
C20A1 8670 (4429) 37255 (12056) 4.30 
C30A1 4802 (1464) 19083 (7189) 3.97 
 
 
Table 7.5. Effect of Ag coating on G band intensity for the subset of electrochemically 
oxidised fibres (standard deviations in parentheses). 
Sample 
No Ag coating 
Average G intensity 
(n=9) 
5 nm Ag coating 
Average G intensity 
(n=9) 
Average 
enhancement 
Factor G band 
Control 1 2120 (413) 5077 (1100) 2.40 
Control 2 2191 (581) 8363 (1302) 3.82 
C10A1 12272 (2696) 47070 (5849) 3.84 
C20A1 10121 (5203) 44468 (13608) 4.39 
C30A1 5523 (1714) 21871 (8589) 3.96 
 
 
 
233 
 
Comparison of the D/G ratios from the samples before and after Ag coating 
suggested that only the D/G ratios from the control samples were statistically 
different (based on ANVOA test) after Ag coating (Table 7.6).  Although the D/G 
ratios were not statistically different for the treated samples, they did show the 
same trend as the other samples of reducing after Ag coating.  Tadayyoni and 
Dando [56], as well as Ishitanti et al. [55] reported an increase in the disordered 
carbon at the surfaces of CFs after Ag coating.   In contrast, all of the G/A values 
from the coated samples in this work were lower, and statistically different to 
those from the uncoated samples. This suggests that the very near surface of the 
CFs may have slightly more amorphous carbon present.   
 
Table 7.6. Effect of Ag coating on D/G and G/A values for the subset of electrochemically 
oxidised fibres (standard deviations in parentheses). 
Sample 
No Ag coating 5 nm Ag coating 
Average D/G 
(n=9) 
Average G/A 
(n=9) 
Average D/G 
(n=9) 
Average G/A 
(n=9) 
Control 1 0.888 (0.0189) 1.813 (0.033) 0.827 (0.0145) 1.765 (0.038) 
Control 2# 0.906 (0.022) 1.843 (0.042) 0.797 (0.028) 1.780 (0.050) 
C10A1 0.831 (0.009) 2.179 (0.047) 0.816 (0.017) 2.018 (0.060) 
C20A1 0.855 (0.031) 2.002 (0.067) 0.834 (0.019) 1.933 (0.080) 
C30A1 0.871 (0.010) 1.917 (0.061) 0.877 (0.016) 1.831 (0.100) 
# suspected surface contamination in spectra after Ag coating. 
 
In order to enable a more direct comparison of spectra and to aide visualisation 
of any subtle differences between the uncoated and Ag coated samples, the 
spectra were normalised on the G band. After normalisation, it became apparent 
that the C10A1 spectra all exhibited a broader G band after Ag coating (Figure 7.13 
A).   The A feature was also higher in intensity, whereas the C20A1 and C30A1 
spectra (not shown) did not exhibit any significant broadening of features after Ag 
coating, with the exception of a single outlying spectrum from each treatment.  
Both of these outliers (Figure 7.14) exhibit an increase in the A feature as well as 
the broadening of the G band.  The spectral outlier from the C20A1 fibres also 
exhibits a reduction in the D band intensity compared to other Raman spectra 
obtained from this sample.  There is a slight broadening of the D band in the 
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spectral outlier from the C30A1 fibres. The extent to which these variations are 
indeed outliers could become apparent in the results of the spectral mapping of 
these samples.   
 
  
Figure 7.13: Normalised Raman spectra before (red) and after (black) Ag coating: A) 
C10A1, B) Control 1, and C) Control 2 fibres. The asterisks mark features that are likely due 
to a contaminant picked up during sample preparation. 
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Figure 7.14: Normalised spectral outliers (red) and typical Raman spectra (black) after Ag 
coating: A) C20A1 and B) C30A1 fibres. 
 
The normalisation also divulged that the spectra obtained from Control 1 
(through the surface treatment bath) all exhibited slightly broader G bands after 
coating and slightly less intense D after application of Ag (Figure 7.13 B).  
Comparison of the normalised spectra from Control 2 both before and after Ag 
coating showed unexpected spectral features (*s in Figure 7.13 C) and broadening 
of features on several fibres that were Ag coated.  Whilst the broadening is similar 
to that observed in other spectra that have been deemed potential outliers, the 
pronounced shoulder and sharp features marked in Figure 7.13 C are likely due to 
a contaminant picked up during sample preparation, and thus further analysis of 
this sample was abandoned.  Apart from the spectral intensity enhancement, 
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which improved the S/N, no additional species were evident in the SERS spectra 
from the three different oxidised CFs. 
The successful use of SERS to obtain enhanced Raman spectra from 
electrochemically oxidised CFs has been demonstrated using a spot probe analysis 
approach.  The standard deviations calculated for the G/A values in particular 
suggest there may be slight variations along any given fibre.  In Chapter 3 Raman 
mapping was utilised to assess the heterogeneity of a CF surface after nitric acid, 
focussing on the G/A values.  This approach will be applied to the electrochemical 
oxidised CF samples, with and without the use of SERS to investigate the 
heterogeneity of the fibre surface after a treatment more akin to that used in 
industry.  This will be the first known attempt at using SERS in conjunction with 
Raman mapping to analyse the near surface of oxidised CF.   
 
Raman mapping 
 A preliminary investigation of the use of mapping combined with SERS was 
undertaken using single fibres from the Control 1 and C10A1 samples. Based on 
the spot probe analysis (Table 7.6) these samples were expected to exhibit the 
most differences when comparing the D/G and G/A values. Maps were obtained 
from fibres with and without a 5 nm Ag coating. The D/G and G/A values for each 
spectrum in a map were calculated and superimposed over the optical image of 
the data collection area to produce a false colour map.   
Representative D/G maps for the untreated and oxidised CFs with and without 
Ag are shown in Figure 7.15.  By using the same LUT scale for all maps the 
differences in the values for the Control 1 and the C10A1 samples are obvious.  
What also becomes apparent is the greater variation in the range of D/G values in 
the control sample compared to the oxidised sample for both uncoated and Ag 
coated fibres.  This finding was not expected based on the standard deviations 
from the ratio calculations from the spot probe analysis (refer to Table 7.6), which 
suggested that only the standard deviation of the uncoated Control 1 D/G values 
was significantly higher than the corresponding C10A1 values.   
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Displaying the D/G values in a histogram format (Figure 7.16), enables 
simplified visualisation of the range of D/G values. The histogram clearly shows 
the distribution of D/G values from both the 5 nm Ag coated (blue) and uncoated 
(red) Control 1 fibre was very broad whereas the C10A1 D/G values exhibit a much 
narrower distribution. This suggests that the control fibre has a more heterogenic 
surface compared to the treated fibre.  In agreement with the spot probe 
calculations, the D/G values of the Ag coated C10A1 sample were found to be 
lower than those of the uncoated sample. The maps suggest a more uniform 
surface was created, in terms of D/G values, using the oxidation parameters of 
C10A1 (conductivity =10 mS/cm, current density = 16.03 A/m2). Further, the use 
of SERS combined with the mapping suggests that the very top surface of the 
treated CF has a slightly more graphitic structure (lower D/G) than the surface at 
~50 nm (the expected penetration depth of 514 nm laser into carbon material 
[114]).  
 
 
Figure 7.15: False colour D/G value maps obtained from single CFs: A) Control 1, B) Control 
1 with a 5 nm Ag coating, C) C10A1 and D) C10A1 with a 5 nm Ag coating. 
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Figure 7.16: Histogram representation of the D/G values generated from the maps of 
Control 1 uncoated (red), Control 1 with 5 nm Ag coated (blue), C10A1 uncoated 
(magenta) and C10A1 with 5 nm Ag coated (green) CFs. 
 
Representative false colour maps generated from the G/A values of the 
untreated (Control 1) and oxidised (C10A1) CFs with and without Ag are shown in 
Figure 7.17.  As expected, the values calculated for the control samples are lower 
than those of the oxidised samples.  Similar to the D/G values, the Control 1 G/A 
values covered comparable broad ranges regardless of the presence of Ag.  The 
distribution of G/A values for the C10A1 samples was much narrower, as depicted 
in the histogram plot (Figure 7.18). The G/A values for the 5 nm Ag coated oxidised 
sample were found to be lower than those of the uncoated, which is in agreement 
with the spot probe analysis.  This suggests the presence of more amorphous 
carbon on the near surface of the oxidised CF sample compared to the spectra 
derived from ~50 nm into the surface.  This may be due to the deposition of 
amorphous carbon onto the extreme outer surface that is removed during the 
electrochemical treatment. 
 
 
 
239 
 
 
Figure 7.17: False colour maps based on the G/A values obtained from single CFs: A) 
Control 1, B) Control 1 with a 5 nm Ag coating, C) C10A1 and D) C10A1 with a 5nm Ag 
coating. 
 
 
Figure 7.18: Histogram representation of the G/A values generated from the maps of 
Control 1 uncoated (red), Control 1 5nm Ag coated (blue), C10A1 uncoated (magenta) and 
C10A1 5 nm Ag coated (green). 
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The map of the Ag coated fibre (Figure 7.17 D) also exhibits a possible outlier, 
identifiable by the lone red pixel on the G/A map (indicative of the highest G/A 
value within the map).  This spectrum also appears as a suspected outlier in the 
D/G map, however the colours used in that range of the false colour make it more 
difficult to observe.  A comparison of this spectrum to one that is represented by 
the violet coloured pixels (indicative of the lowest G/A value) as well as a spectrum 
represented by green pixels (indicative of the most common G/A value) in the map 
is shown in Figure 7.19, where the spectra are displayed using the corresponding 
pixel colour.  The differences in A band intensities are quite obvious.  The D band 
intensity of the violet and green spectra are very similar compared to that of the 
red spectrum, suggesting that in this case the red spectrum is likely the outlier 
based on the other spectra from the map. However, it is interesting to note that 
when using the spot probe approach the outliers were identified as the spectra 
with the higher A feature, which is in contrast to the outlier identified in the map.  
 
Figure 7.19: Comparison of Raman spectra from the false colour map of G/A values from 
C10A1 with a 5 nm Ag coating. Spectrum with the highest G/A value (red), lowest G/A 
value (violet) and the most frequent G/A value (green).  The colours match the colours 
depicted on the map by these spectra. 
 
Another possible source of contamination and/or spectral outliers was the 
presence of fine black particles in the surface treatment bath.  These were 
observed during the electrochemical treatments, especially on the rollers of the 
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surface treatment bath when high current densities were utilised.  Raman analysis 
of this material (Figure 7.20) found it to be consistent with a carbon material with 
a high component of amorphous carbon.  In addition the expected D and G bands, 
the material also exhibited a very broad feature between 2250 and 3200 cm-1.  
This feature is likely attributable to a combination of –OH and –NH3+ functionality 
[226].  The source of this carbon is likely the erosion of the outer surface of the 
CF.  As the fibres pass over the rollers there is a possibility that some of this may 
adhere to the very outer surface of the fibre.  
 
Figure 7.20: Raman spectrum of black substance observed on the rollers of the surface 
treatment bath. 
 
7.4 Discussion 
A series of electrochemically treated CFs were prepared using commercial 
grade PAN precursor on a single tow line facility that mimics industrial conditions.  
SEM images of the full sample set (17 samples) suggested that whilst none of the 
treatments appeared to cause extensive damage to the CF surfaces, those 
samples treated with high current densities exhibited slightly more surface 
damage.   
Based on the SEM observations, XPS analysis was undertaken on the samples 
that had undergone electrochemical treatment at the highest current densities.  
All of the oxidised samples tested exhibited changes in the C1s spectra indicative 
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of the introduction of oxidised species onto the CF surface; however the high 
treatment levels complicated the ability to obtain detailed analysis of the XPS 
data, especially the C1s and O1s peaks.  A significant increase in the nitrogen 
detected on the CF surface after treatment is likely to be due to a combination of 
residual N from the PAN precursor being exposed during the aggressive 
treatment, as well as possible nitrogen species absorbed and/or reacted on the 
surface.  
ATR FT-IR spectroscopy confirmed the presence of oxide species, such as C-O 
and C=O on the surface of these CFs. The intensity of a peak in an infrared 
spectrum is dependent on the magnitude of the dipole of that particular bond. In 
the case of the C-O and C=O bonds, they both have a high dipole moment and thus 
generate a more intense spectral features than C-N or C=N [144].  This is likely why 
the C-N functionality that is observed in the XPS is not detected in the ATR FT-IR 
spectra.  The Raman analysis of fine black particulates observed in the 
electrochemical bath did however, suggested the presence of NH3+ functionality. 
Of all the characterisation techniques utilised, the information from the ATR 
FT-IR spectra is estimated to generate from the deepest surface (~0.44 μm) 
whereas the XPS data is representative of the outer 10 nm of the CF surface. In 
terms of CF structure, these analysis depths represent approximately 1312 and 29 
basal planes respectively (based on 0.3354 nm spacing of planes, refer to Chapter 
1, Section 1.2). By using a variety of techniques with varying levels of sensitivity 
(refer to Chapter 2, Section 2.3), like XPS and FT-IR spectroscopy, a more complete 
picture of the CF surface can be obtained.  The outer most surface of CF as 
analysed by XPS is most likely different to the surface analysed by the FT-IR 
technique, and the extent to which the CF material within these different analysis 
volumes might play in the interaction of the CF and resin in a composite is a very 
complex and still not fully understood. 
Raman spectroscopy offers a somewhat intermediate approach in terms of 
sampling depth into the CF, with the standard or conventional Raman 
spectroscopy utilised in this study expected to penetrate ~ 50 nm (~149 basal 
planes).   Initial Raman spectroscopy was undertaken on the full sample set (17 
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samples), and the results suggested that the conductivity levels played a more 
significant role in changes to the CF surface than the current densities applied. The 
reduced sample set (5 samples) that was characterised using XPS and FT-IR 
spectroscopy was further investigated using SERS, spectral mapping and a 
combination of the two.   
The use of an overcoat or sputter coated layer of Ag to generate a SERS effect 
on CF has been demonstrated in the literature [54, 56]. The thickness of Ag used 
plays a crucial role in the enhancement achieved.  Films below 8 nm thickness 
exhibit non-metallic behaviour [290] resulting in different optical constants and 
alter the surface plasmon behaviour compared to thicker, “bulk” Ag films [290]. A 
reduction in Raman scattering when utilising a 20 nm Ag layer on glassy carbon 
was attributed to the reflection of the laser on the “metal-like Ag films” by Ishida 
et al. [54].  In this work, the application of a 5 nm Ag coating on the CFs resulted 
in an average spectral enhancement of about 4.  The SEM images obtained from 
the 5 nm Ag coating did not show any Ag particles on the CF surfaces, suggesting 
the magnetron sputtering resulted in a thin uniform film of Ag, which is in contrast 
to the Ag island films reported by Ishida et al. [54]. 
The signal generated in the SERS spectra results from the interaction of the Ag 
with the very near surface of the CF as compared to that of standard or 
conventional Raman.  Ishida et al. estimated that the enhancement was generated 
from a distance of approximately 20 Å (2 nm, which in a CF would equate to about 
6 basal planes) from the Ag layer on glassy carbon [54].  The same researchers also  
found that a 10 nm layer of amorphous carbon on an argon etched diamond was 
detected using an Ag to generate a SERS effect [54].   
While early work suggest that SER scattering decreases rapidly at distances 
greater than a 2 to 3 nm, Kukushkin  et al. [291] have shown that the spatial scale 
of the SERS effect remains almost constant up to a distance of 30 nm  between 
the Ag nanostructure surface and a layer of organic molecules (~89 basal planes). 
This value is in good agreement with the work of Yang et al. who show that for a 
surface plasmon within a Ag film, the depth at which the field strength drops off 
to 1/e of that at the surface remains nearly constant at 25± 5 nm (equivalent to 
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~75 basal planes) throughout the infrared to visible range [292]. These findings 
suggest that the SERS signal is being generated from between 2 and 30 nm (6 to 
89 basal planes) from the Ag surface, a significantly smaller distance than the ~149 
basal planes estimated for conventional Raman signal generation.  
The findings of this preliminary study suggest that there are subtle differences 
across the CF surface that could not be detected by XPS or FT-IR spectroscopy. 
This may be partially attributable to the difference in the analysis sample size.  XPS 
and ATR FT-IR both utilised bigger analysis areas compared to the Raman sample 
spot size (refer to Chapter 2, Table 2.2).  A spot probe approach to the 
characterisation of the CF surface using Raman spectroscopy, whilst providing an 
idea of the surface characteristics can potentially miss or misinterpret important 
anomalies. Thus, given the small sample size (n=9) used for the spot probe 
analysis, care must be taken when suggesting potential outliers.  The use of false 
colour maps improves the identification of locations within the map that give 
different values and thus the heterogeneity of the fibre surface resulting from the 
treatments under study.  To truly determine if these spectra are outliers or an 
actual part of the heterogeneity of the fibre surface after treatment will require 
significantly more data collection. The more maps obtained from a fibre, the more 
confident one can become interpreting the results and what they reveal about the 
true CF surface heterogeneity.    
Thus, the use of spectral mapping can provide insight into the frequency of so 
called outliers as well as producing a visual picture of the scale of change across 
the mapped area.  This information alone provides an important insight into the 
variability across a CF surface.   However, given the critical role the interphase 
region (refer to Chapter 1, Section 1.2) plays in the performance of CF composites, 
the true value of this technique might be realised if it could be used in conjunction 
with tests such as a single fibre fragmentation test. It would be of significant 
interest to the CF and CF-composite industries if the sites of fibre-resin failure 
could be predicted based on the surface characteristics depicted in the Raman 
spectral maps obtained from single CFs.    
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7.5 Conclusion 
This work successfully demonstrated the ability to combine SERS and Raman 
mapping to characterise the changes in the near surface of oxidised CF samples.  
Whilst the sample set size was small for the spot probes (n=9), the mapping 
enabled the automated collection of multiple spectra (n=120) and the 
visualisation of the effect of the oxidative treatment on the fibre.  By utilising SERS, 
differences were detected between the surfaces as defined at different scales.  
Further optimisation of this technique for analysis of CFs has the potential to 
add knowledge that would be extremely valuable to the CF industry. A more 
thorough understanding of the effects of different surface treatments used in 
industry on the heterogeneity of the CF surface at a single fibre level could lead 
the way for the development of alternative surface treatment methodologies and 
further improve the understanding of the relationship between the CF surface and 
the failure properties of CF composites. Optimised surface treatments for 
improved CF to resin adhesion will ultimately result in a reduction in failures due 
to fracturing and delamination and could push the use of CF composites into an 
even wider field of applications. 
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CHAPTER 8 
Conclusion 
This chapter provides a summary of the work undertaken in each chapter of 
this thesis and the conclusions drawn.  A discussion of the main findings and the 
directions for future work are also presented. 
 
8.1 Summary 
The CF industry is a rapidly growing industry.  In order to produce superior CF 
composites a thorough understanding of the CF surface and the critical role it 
plays in reducing CF composite failure in terms of delamination and fracturing is 
required.  Surface functionality introduced by oxidative treatments and the 
presence of size are both thought to be key contributors to a successful CF 
composite [68].  Many techniques can be utilised to characterise the CF surface 
including AFM, XPS, SEM, FT-IR and Raman spectroscopy.  Whilst all of these have 
been applied to varying extents throughout this thesis, the principal objective of 
this work was to extend the application of advanced Raman spectroscopic 
methods to CFs in order to further enhance the understanding of the CF surface. 
The two main areas of interest regarding the CF surface were the effect of surface 
oxidation and the resulting surface heterogeneity and the detection of size and its 
distribution along the CF.   
The initial research (Chapter 3) utilised a nitric acid, laboratory based oxidation 
approach to generate a series of CFs with varying degrees of surface oxidation.  
The characterisation of these samples through the use of SEM, XPS, AFM and 
Raman spectroscopy suggested the removal of amorphous carbon material from 
the surface as well as the addition of chemical functionality such as C=O and NOx.  
The most significant effects of nitric acid oxidation were observed after the 
longest treatment time (180 minutes). 
Techniques such as SEM and AFM can provide high spatial resolution 
information about the physical surface features, but do not directly provide 
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insight into the chemical nature of the surface. In contrast, XPS provides chemical 
information of the near surface (top 10 nm) but at a relatively low spatial 
resolution (~1 mm). As one of the significant outcomes from this work, for the first 
time, confocal Raman mapping was utilised to visualise the heterogeneity of the 
CF surface as a function of oxidative treatment levels. By using Raman spectral 
maps the chemical effects of nitric acid surface treatments on the CFs could be 
analysed at a spatial resolution unattainable by XPS.   
Although deconvolution of the Raman map spectra into individual bands was 
not viable due to high levels of synergistic band overlap and spectra variations 
across the large data set, valuable information was none the less obtained by 
utilising an intensity at point approach.  It was found that the broadest range of 
G/A values were obtained from the maps of fibres exposed to the highest 
treatment level suggesting that this treatment does not result in a uniform fibre 
surface.   
Whilst Chapter 3 demonstrated the ability to use Raman spectral mapping to 
investigate the heterogeneity of the surface of a single CF after oxidation, there is 
a need to also investigate the presence of size on CF.  The detection of size on the 
CF surface is complicated by its very low concentrations, typically a layer 30-
100 nm thick [68]. While this is beyond the sensitivity of conventional Raman 
spectroscopy, the use of SERS, a technique which has the ability to enhance the 
spectral signal of surface active species could possibly enable its in situ 
investigation.  Noble metals, in particular Ag and Au, have both been used 
throughout the literature to induce a SERS effect [154].  
In Chapter 4, the generation and application of Ag colloids for use as SERS 
agents was investigated.  Whilst the characterisation of the nanoparticles in the 
colloids suggested they should provide a SERS effect, the inability to achieve any 
reasonably coverage of Ag particles on the CF surface proved challenging.  Further, 
the interpretation of any spectra that were obtained was complicated by the 
presence of spectral features related to the citrate used in the production of the 
sol.  A lack of reproducibility in the spectra was also observed, indicative of the 
presence of unstable surface species.  The cause of the instability could be laser 
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induced sample heating, a condition that is known to occur in Raman 
spectroscopy. 
To improve the coverage of Ag on the CF surface, an alternative approach to 
the application of Ag was investigated.  Chapter 5 explored the use of electroless 
plating of Ag onto the CF surface.  This technique, based on the Tollen’s reaction, 
resulted in a significant increase in the amount of Ag on the CF surface compared 
to the colloid approach.  Similar to the SERS spectra obtained using the colloids, 
the SERS spectra obtained using the electroless plating approach were 
complicated by the presence of features attributed to reactants and products of 
the coating technique and/or their decomposition products. Further to complicate 
matters, whilst it was determined that the size was stable to laser powers up to 
3.5 mW in the absence of Ag, the SERS spectra exhibited a lack of reproducibility 
indicative of the presence of surface species that were not stable under extended 
exposure to the laser, even at low laser powers. 
It was also determined that the size on the CF surface was readily transferred 
during testing and handling, and that exposure to an aqueous environment, such 
as that used in both the colloid and electroless plating approach, could also 
remove at least some of the size.  Thus, the use of any aqueous based approach 
for the application of Ag would potentially disrupt the distribution of size along 
the CF, and defeat the aim of mapping the distribution of size along the CF surface.  
To overcome this challenge, the use of sputter coating was investigated.  
Chapter 6 investigated the use of Au and Ag sputter coating for the generation 
of SERS active surfaces for the detection of the very thin layer of size.  Whilst Au 
has been utilised in the literature for SERS [158, 169] it has not been widely used 
for SERS with CF.  Meyer et al.  demonstrated that a spectral enhancement on CF 
was achievable utilising Au [125], however it was not found to generate any 
spectral enhancement or enable the detection of features attributable to the size 
in this present work.  The use of sputter coated Ag did however generate some 
interesting results, including a spectral enhancement of up to 10 times when used 
on an unsized CF.   The Ag SERS spectra obtained from sized CFs, whilst not 
representative of the expected spectrum of size, were found to be consistent with 
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the decomposition of the size.  This decomposition is thought to be initiated by 
the presence of the Ag and aided by either laser photons or thermal oxidation.  A 
discussion regarding potential ways of overcoming these issues is given in Section 
8.2 of this chapter. 
Although the use of SERS for the detection and mapping of size on the CF 
surface was not realised, the results did give an indication of the technique’s 
sensitivity capabilities.  This is a significant outcome in its own right as this 
sensitivity may be applied to other areas of interest on the CF surface, such as its 
oxidative treatment. With this in mind, Chapter 7 presents results obtained from 
a series of electrochemically oxidized CF samples manufactured on the Carbon 
Nexus single tow line which uses technologies identical to those employed in the 
CF industry.   Unlike commercial CFs however, none of these samples had size 
applied, thus simplifying their characterisation in terms of surface oxidation.  SEM, 
XPS, FT-IR and Raman spectroscopy were all used to characterise these CFs.  The 
treated fibres were found to have oxide species such as C=O and C-O present as 
well as an increased nitrogen functionality.   
The final significant outcome of this work was the demonstration of the ability 
to combine spectral mapping and SERS to successfully characterise the near 
surface of these electrochemically oxidised CFs. By the comparison of SERS and 
conventional Raman results it was found possible to distinguish differences in the 
outer most surface of the CF (2-30 nm) and  the surface as defined at 50 nm.  These 
subtle differences are likely to be crucial to the way CF interacts with the resin and 
the ultimate performance of the composite. 
 
8.2 Discussion 
The main aim of this thesis was to extend the use of advanced Raman 
spectroscopic techniques to the characterisation of the CF surface.  Herein, Raman 
spectral mapping has been successfully utilised to reveal the heterogeneity of the 
CF surface after different surface oxidation treatments, both laboratory and 
commercial based.  SERS has also been used to investigate the near surface of the 
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CF after electrochemical oxidation as utilised in the CF industry, culminating in the 
combination of both techniques to demonstrate near surface heterogeneity of the 
oxidised CF surface, especially with respect to the D/G and G/A values, at a spatial 
resolution not obtainable by the other characterisation techniques utilised.   
The use of SERS to detect the presence of size was hampered by its 
decomposition in the presence of Ag.  Thus the ultimate aim, to combine SERS and 
mapping to enable the visualisation of the distribution of size along a CF, has not 
been realised. Further research however may lead to an alternative approach to 
generating SERS activity on the sized CF surface that does not result in its 
decomposition. Some of these possibilities are now developed and discussed.  
Whilst SERS has shown to be effective for the enhancement of spectroscopic 
detection levels of many molecules [154], its application to polymers has been less 
prolific.  One of the major problems encountered when using SERS to analyse 
polymers, especially thin films, is in fact the occurrence of broad features at 
approximately 1580 and 1350 cm-1 [213-215, 265, 266]. These broad features have 
been observed in many Raman spectra where Ag has been present, including on 
Ag electrodes [267], and Ag deposited via evaporation [161, 215, 268-271].  These 
features have been attributed in some reports to carbonaceous material picked 
up from the atmosphere [213, 214, 272], including carbonates [213, 214] and 
unspecified carboxy species [267, 293]. This so called “environmental cap” [273] 
is a common problem found for other surface analysis techniques including XPS 
[274, 275] and is the likely source of the broad features observed in the spectra 
obtained from the Ag coated size-free SEM stub in this work.   
Tsang et al. however suggested that these features were more likely  due to 
amorphous carbon that deposits onto the SERS active surface as a result of the 
decomposition of organic compounds as Auger electron spectroscopy indicated 
insufficient oxygen was present for the bands to be attributed to carbonates [215].  
They found that the generation of these broad features could be avoided by 
shifting to longer wavelength excitation sources (from 514 to 647 nm), or by 
significantly reducing the power density when using the 514 nm source [215].  
Reducing the laser power was not found to work in the current research however 
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there is potential to use higher wavelength excitation lines. Laser excitation that 
is shifted towards the NIR is known to minimise the fluorescence signals often 
associated with some organic molecules [294], including decomposition products. 
Several other approaches have been used to reduce the decomposition of the 
thin polymer films during SERS measurements utilising Ag.   The addition of an 
oxidation inhibitor into the polymer was shown to reduce the effects of polymer 
degradation [270]. Oxygen at the silver-polymer interface could be reduced by 
increasing the thickness of the polymer film, or over coating it with a second 
polymer.  This approach was used on polymer films deposited on Ag island films 
[271] which is the reverse of the situation in this work where the Ag is overlaid 
onto the size.  Another approach to reduce oxygen in the interfacial region is to 
collect the Raman spectra under vacuum [265].   
Boerio et al. found that the use of a substrate that enabled the heat generated 
from the laser to dissipate more readily, for example silicon instead of glass, 
resulted in less degradation of the thin polymer films [270]. Based on this finding, 
the mounting of the samples on Al SEM stubs utilised in this work could have 
contributed to size degradation.  The CF itself as a substrate for the thin layer of 
size may also have aided in its decomposition by having rather poor  heat 
dissipation properties [295]. 
An alternative to generating SERS by applying Ag or Au to the CF may be the 
use of Tip Enhanced Raman spectroscopy (TERS).  In this technique a Raman 
microscope system is coupled with an AFM.  The tip, which is typically coated with 
Au, is scanned over the sample using the AFM, enabling the collection of SERS 
from the surface at sub-micron resolution [296].  Other surface specific 
information typically obtained by AFM, such as surface roughness and hardness 
can be acquired simultaneously with the Raman spectra. This approach avoids any 
complications introduced by coating the CFs with Ag or Au. 
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8.3 Future work 
The electrochemically treated sample set that was generated for this work is 
unique in that it was manufactured on equipment that directly mimics that used 
in industry.  The CF industry is highly competitive and thus many if not all 
processing conditions are closely guarded secrets.  Samples of fibres produced 
under industrial conditions, but covering a range of surface treatments, all 
undertaken as a part of the in-line process, such as these samples are not readily 
available.   
The intention is to continue a thorough characterisation of this sample set 
through the use of both Raman spectral mapping with improved deconvolution 
methods and XPS. Analysis is currently underway utilising a synchrotron radiation 
source for NEXAFS (Near Edge X-Ray Absorption Fine Structure) spectroscopy.  The 
improved resolution, clarity distinguishing between single and double bonds, and 
reduced sample charging offered by NEXAFS combined with the quantitative 
capability of XPS and visualization of the surface heterogeneity through Raman 
mapping is expected to provide significant insight into the chemical species 
generated on the CF surface as a result of the oxidation process.  
As discussed in Section 8.2, there are several lines of investigation worthy of 
following with the aim of using SERS to detect the size on the CF surface. 
Approaches involving the modification of the size layer itself are not suitable 
solutions to the problem that is occurring in this work and it would likely yield 
results with little relevance to current industrial processes. While a shift to longer 
excitation wavelength may reduce fluorescence it may not prevent size 
decomposition. The collection of Raman spectra under vacuum may be the most 
likely approach to achieve the desired outcome but is not without technical 
difficulties. Thermal management of the sample is clearly also an approach worth 
further investigation. 
Another approach to prevent the Ag catalysed decomposition of the thin size 
layer may be to change to an alternative metal.  Although Au did not produce any 
spectral enhancement in this work, it has been used successfully in the literature 
to generate a SERS effect on CF [125].  Further work and optimisation using Au, 
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including the use of different excitation wavelengths for SERS, may lead to a 
methodology that enables the detection of the size without causing its 
decomposition. Once a SERS technique has been developed to detect the size on 
the CF, and the method combined with Raman mapping, a vastly improved 
understanding of the distribution of the size along the CF will be obtained. 
Whilst the Raman spectral mapping carried out within this thesis has 
demonstrated the capability of the technique to provide information about the 
chemical nature of the CF surface at a spatial resolution not obtainable by 
techniques such as XPS, the true power of this information would be realised if it 
could be used in conjunction with other complementary techniques, such as AFM 
in the case of the TERS. The ability to correlate Raman maps to other commonly 
utilised tests such as single fibre fragment tests would also be beneficial.  If the 
surface characteristics on the single fibre could be correlated to, for example, 
fracture points in a CF composite, this may lead to improved surface treatment 
methods and thus improved CF composite properties.  These approaches would 
provide useful insight into the CF surface in terms of physical and chemical 
information generated at a sub-micron resolution from the same point and lead 
to a better understanding of the crucial fibre-resin interactions that occur in CF 
composites. 
 
8.4 Final conclusions 
For CF composites to reach their full potential, a detailed characterisation and 
understanding of the complexities of the CF surface is crucial. The combination of 
Raman spectral mapping and SERS has been demonstrated as a powerful 
technique to help unlock the mysteries of the CF near surface. Combined with 
other techniques that operate on the same spatial scale, SERS mapping is likely to 
be crucial in developing the required level of understanding into the way CFs 
interacts with the resin. 
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